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This work deals with the urban scale vulnerability assessment of the unreinforced masonry 
buildings with RC slabs built during the XX century in Florence. The public housing 
interventions, for their numerosity and the archive documentation of the design projects, have 
been chosen as representative of the coeval urban stock. A meaningful database with a large 
number of selected buildings was realized. Every construction has been firstly investigated 
adopting an empirical approach based on geometrical and mechanical parameters; houses have 
been divided into typological classes in function of geometrical and architectonical features. 
Then, a typology with a specific related case study has been selected and assessed by an analytical 
procedure. An equivalent frame modeling discretization has been adopted and the seismic 
performance has been evaluated by means of nonlinear static analyses. Both aleatory and 
epistemic uncertainties have been considered; then, their sensitivity has been studied. The aleatory 
uncertainties have been investigated adopting the star design with the central star approach, while 
the epistemic uncertainties have been modeled through a logic tree approach. Analytical fragility 
curves have been finally derived, considering both the dispersions in terms of capacity and seismic 
demand. The fragility curves pointed out the vulnerability of the case study and the related 
damage scenarios for different expected return periods. Specifically, they showed a high 
vulnerability of these buildings for the 475 and 975 years return period; for the Life Safety limit 
state (SLV), around 40% of probability to have DL4 and 40% to reach DL5 is expected. The 
results have been finally extended to the building class population through a simplified procedure 
calibrated on the analytical results. The results point out homogeneous outcomes, exhibiting a 
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1.1 ASSESSMENT OF THE SEISMIC RISK IN URBAN AREAS  
 
The assessment of the seismic risk of urban areas is an important task in many parts of the world. 
Seismicity affects several areas of the Earth with relevant ground motions. The combination of 
the intrinsic hazard of our planet, the vulnerability and the exposure of our cities increases the 
seismic risk which human being are subjected to (Martínez-Cuevas et al. 2017). The vulnerability 
of the urban stock is strictly correlated with the time of construction of buildings, based on 
economic and knowledge features. Nowadays, National and International (FEMA-356, EC 8-3) 
codes provide the necessary tools in order to verify the capacity of new constructions; however, 
the vulnerability of existing buildings is more difficult to be defined. In the existing stock, the 
safety of the places where people live, the houses, is primarily important (Dolce et al. 2020). For 
these reasons, the seismic assessment of existing buildings plays a crucial role in the evaluation - 
and mitigation - of the seismic risk. As regards Italy, the high seismic hazard is combined with 
rich and complex monumental goods and constructive traditions. The seismic codes, suitable to 
verify the structures to the seismic actions, became effective only recently; from a culturally point 
of view, for centuries, the probability of occurrence of a seismic action has not been considered. 
A huge number of existing buildings, in Italy, needs to be preserved, retrofitted and improved in 
order to assure the required safety standards, and to preserve the National and local history and 
traditions. 
The earthquakes that occurred in Italy in the last decades (San Giuliano di Puglia, L’Aquila, 
Medolla, Accumoli) marked the vulnerability of stocks where people live (Augenti and Parisi, 
2010, Parisi et al. 2012, Gl-INGV 2016); the majority of existing buildings was realized before 
the introduction of seismic codes and without a-seismic criteria. This vulnerability affects all 
types of buildings; however, masonry buildings, due to their number and age, deserve a particular 
attention. Nowadays, masonry structures still represent a large percentage of the urban fabrics. 
The most studied masonry structures consist of monumental historical buildings; they have a 
special value for their cultural and architectural importance and collected a significant part of 
research efforts and contributions. However, most part of masonry buildings is represented by 
residential ones; the assessment of these buildings is usually left to the will of the single owners, 
since they are too many to be faced by the Government. Nevertheless, in the last years, the 
Institutions promoted some renovation interventions, in order to improve the seismic performance 
of existing buildings, defining contributions and tax relieves (MIT2017, Cosenza et al. 2018). 
The post-earthquake damage scenarios of urban clusters like the city center of Amatrice, 
completely destroyed by the 2016 Central Italy Earthquake, pointed out that the vulnerability of 





the single houses (and their relative urban aggregates) is not a private issue, related to the owners 
of each specific construction. In fact, it deals with the preservation and conservation of authentic 
historical centers, the conservation of the minor centers and the safeguard of the historical heritage 
of the human development in urban areas.  For these reasons, the researchers are facing their 
assessment at the urban scale, in order to provide general and useful benchmarks for the 
assessment of single cases. Certainly, the heterogeneity of conditions, structural technologies and 
mechanical properties leads to a difficult comprehension of the collected building classifications 
and the related single representative case studies (Polese et al. 2020). 
ISTAT database updated in 2001 shows that 61,5% of residential buildings has been realized in 
bearing walls; furthermore, although the great expansion of the last century, 19,2% of residential 
buildings have been erected before 1919. Since the constructions made before 1945 can be 
considered as “historical”, historical masonry buildings represent 31,5% of all the existing 
residential ones (Metelli et al. 2017). 
Looking at the database about the urban fabric, 80% of Italian districts are realized from more 
than 50% in masonry, while 44% of districts have a range of 75-100% of masonry buildings 
(Cartis 2014, Zuccaro et al. 2015). In the city of Florence, which represents the target of this 
Thesis, 24308 residential buildings of the total residential stock (31070 buildings) are composed 
by masonry structures (78,2 %), while just 4840 are composed by RC (15,5%) and 1’110 with 
different technologies (6,3%). Such information is shown in Figure 1.1. 
 
 
Fig. 1.1. Advancement of the number of buildings related to technological features in Florence. 
 
In the last century, different studies (empirical, analytical and hybrid methods) have been carried 
out for a vulnerability assessment of urban stocks at urban scale. Empirical methods are the most 
basic ones; they reduce the computational costs analyzing the vulnerability based on statistic 


























Analytical methods assess the damage with numerical analysis performing mechanical 
computational models; they demand an adequate knowledge of the structure and usually refer to 
individual structural units or specific building classes. Finally, hybrid methods start from the 
definition of buildings-types which are representative of different constructions, combining 
empirical and analytical techniques for an implementation of the empirical typological 
classifications with specific mechanical analyses. Computational costs of the assessment at urban 
scale are then limited to the evaluation of selected case-studies.  
The research project deals with the vulnerability assessment of masonry residential interventions 
in Florence. This proposal is aimed at developing the urban seismic vulnerability by adopting a 
hybrid methodological approach. The latter joins the development of a database of buildings 
investigated by empirical approaches with the assessment of representative buildings with 
analytical techniques. The outcomes of the analytical methodology are finally extended to an 
homogeneous building class proposing simplified parameters able to represent the building 
capacity (and the relative vulnerability) of the stock. 
1.2 AIMS AND OBJECTIVES 
 
The main contents of this Thesis regard the seismic vulnerability assessment of the residential 
building stock of Florence, with a specific focus on masonry structures with RC slabs. In fact, 
despite the city of Florence is famous all over the world for its historical and artistic heritage, it 
is mostly constituted by external districts developed during the last two centuries. They have been 
realized by RC and masonry constructions developed through several interventions. Masonry 
structures are the majority of these buildings, characterized by regular configurations with modern 
masonry walls, rigid slabs and perimetral ring beams. Florence has been classified seismic zone 
only in 1982; therefore, most part of the considered population of buildings has been built without 
seismic criteria. It is worth noting that Florence is characterized by a medium seismicity (expected 
Peak Ground Acceleration, PGA, equal to 0.131 g for Return Period of 475 years and a soil type 
A); nevertheless, the last significant earthquake occurred only in 1895, therefore, the residential 
stock made in the XX century has never been hit by relevant ground motions. The masonry 
buildings realized in the last 100 years present common characteristics; in fact, in the XX century 
the constructive methodologies became more standardized than before. The masonry walls are 
generally constructed with artificial resistant elements such as clay bricks, but the most relevant 
issue concerning the global behavior consists of floors made of reinforced concrete slabs with 
perimetral ring beams. They cannot be considered as mixed masonry-RC buildings, as the 
reinforced concrete is only used for the perimetral horizontal elements; nevertheless, they present 
common features, especially referring to the in-plane seismic response of the structures (Correia 
Lopes et al. 2019). The typical residential building has an unreinforced masonry (URM) structure, 





even if its behavior is affected by the RC slabs, so that it cannot be considered like the ancient 
masonry buildings. The presence of rigid diaphragms allows a box-behavior to the residential 
structures realized in this period. Due to the diaphragms, the local mechanisms are not common, 
and the entire structure participates to the structural performance of the building. Sandoli and 
Calderoni (2018) divide the unreinforced masonry structures in three classes, coming 
consecutively in the time. Ancient masonry buildings (AMB), Improved-ancient masonry 
buildings (IMB) and Modern masonry buildings (MMB). They consider the buildings from their 
capacity to resist to horizontal actions. While the first two types are referred to traditional masonry 
structures realized by empirical concepts (masonry buildings and wooden no-rigid slabs), in the 
first class the failure mechanisms are mainly activated by local phenomena. Considering the 
second class, the buildings, improved by punctual and light interventions (steel tie-rods 
connections) overcome the failures provided by out-of-plane actions involving the in-plane 
resistance of the structures. The general in-plane capacity of these structures is usually referred to 
a strong-piers-weak-spandrels behavior (SPWS). The behavior of such type of buildings can be 
compared to free cantilevers embedded at the ground level where the coupling effects are given 
by the spandrels. Finally, the third class is referred to modern buildings realized after the 1937. 
The latter are characterized by rigid diaphragms and ring beams that allows a real global behavior. 
In this third class, the out-of-plane mechanisms are avoided, and the in-plane capacities of the 
walls are involved. Considering the distinction made by Calderoni in the masonry structures, the 
buildings studied in this work lead to the latest class. These buildings, despite the box-like 
configurations, present an in-plane capacity mostly driven by the shear capacity of the walls. The 
ring beams divide the piers, promoting a weak-piers-strong-spandrels behavior (WPSS).  
In this thesis, the targeted XX century residential masonry buildings have been selected within 
the public houses. The public housing interventions have been chosen as representative of the 
residential stock of the period because of the elevated number of realized constructions in the 
several external districts contextually developed. Indeed, a high number of public houses has been 
realized in Florence from the second half of the XIX century to nowadays, by different 
institutions. This assumption allowed the collection of the geometrical and structural features of 
several structures avoiding the economic costs and the time consuming of direct surveys.   
The presented thesis starts from some of the last studies made over the Florentine urban stock, in 
particular, the SISMED Project, promoted by the University of Florence involving the 
Department of Architecture, the Department of Earth’s Science and the Department of Statistics 
(Lacanna et al. 2016, Ripepe et al. 2018). It aimed to define the seismic risk of the city of Florence, 
considering the vulnerability of the urban stock, as well as the site-specific hazard of the area. 
The project was conducted in a GIS framework, and the first results defined empirical and 
simplified fragility curves for masonry and reinforced concrete (RC) structures. Nevertheless, 
throughout the project, the lack of knowledge resources in terms of urban stock have been 




highlighted. Therefore, the presented thesis aims both to improve the knowledge about the 
structural characteristics of a buildings type, the URM XX century buildings, as to enhance the 
vulnerability assessment by means of mechanical analysis. As the first step of this thesis, a 
relevant investigation campaign has been conducted regarding the public masonry buildings made 
in Florence during the last century. Hence, selected a specific building class and a benchmark 
building, nonlinear static procedures have been selected to evaluate their seismic performance. 
A seismic vulnerability assessment of the residential URM buildings in Florence is needed in 
order to point out the fragility of this heritage at the current state. During the INA-Casa period, 
the institution supported different didactic papers that explained how to build public interventions. 
They recommended architectonical typologies, residential aggregations and spatial distributions 
(Piano incremento occupazione operaia, 1949). The technical standardization of the XX century 
about elements and materials suggests to select single representative case-studies and to use them 
as starting point for of vulnerability studies at urban scale. 
The project aims to analyze the seismic vulnerability of residential masonry buildings at urban 
scale using hybrid methodologies to represent a relevant part of buildings population through a 
limited number of case-studies. The development of a careful analysis of the masonry building 
stock represents a crucial issue still present, especially looking at the Italian context. 
In Switzerland, a series of studies were conducted over the URM buildings with RC slabs 
proposing experimental tests and mechanical validation of elements and half-scale buildings. 
(Beyer et al. 2014, Beyer et al. 2015). Their contributions provide indications for the behavior of 
such type of structures, for the modeling approaches, for the code limits and retrofitting solutions, 
pointing out the needs of evaluation of such type of structures in the Swiss context.  
Recently, Italy has developed the RINTC (-E) PROJECT 2015-2018 a joint ReLUIS-
EUCENTRE research project to assess the (implicit) seismic risk of code conforming structures 
in Italy starting from building-types representative of the main building stock population (RINTC 
Workgroup 2018, Iervolino et al. 2018, Manzini et al. 2018). Concerning the public housing 
assets, some effort at the National scale dealing with the seismic vulnerability of public residential 
stock was already done (ISI, 2015). Recently, Calderoni et al. (2020) presented an overview about 
the damage assessment of modern masonry buildings after the L’Aquila earthquake, both 
including public housing interventions. The results point out a global behavior of these structures 
under seismic load, nonetheless, they also express a severe damage related to their reduced in-
plane shear capacity. The research project of this PhD thesis aims to develop a study in this 
context, starting from a real site-specific database and pre-normative buildings.  
The thesis is divided into two parts, adopting two different perspectives both enclosed into a 
hybrid approach. At the urban scale, the research mostly regards a cognitive study of the 
investigated area. A series of information has been collected, aiming to define the building 





taxonomy of the XX century masonry stock, focusing on structural and mechanical features. At 
the building level, the adopted procedure follows the indications provided by the CNR-DT 
documentation regarding the probabilistic assessment of the seismic safety of existing buildings 
(CNR-DT212, 2013). The analytical part adopts theoretical assumptions presented in literature, 
and it aims to develop a probabilistic methodology, overcoming the limits of the National and 
International codes as regards the measurement of the probability of exceedance of each limit 
state. The performance-based assessment is herein based on equivalent frame models and the 
execution of nonlinear static procedure (pushover analysis). Both epistemic and aleatory 
uncertainties involved in the analysis have been considered. The epistemic uncertainties have 
been modeled through a logic tree approach; the aleatory uncertainties have been treated by a star 
design approach. Finally, the different assumptions have been assessed by means of sensitivity 
analysis, defining the influence of the different parameters on the seismic response. Sensitive 
studies are targeted to understand the main parameters influencing the seismic response, as well 
to set up further investigation protocols aimed to deepen the more sensitive features. Robust 
modeling assumptions have been used for the seismic analysis of the selected buildings. Finally, 
the thesis was targeted at selecting and calibrating simplified parameters to express the seismic 
performance of the investigated class of buildings. Such part of the work has been made through 
a displacement-based method following the mechanical approach available in literature and it 
allowed the seismic vulnerability assessment of a specific building class in the Florentine area. 
 
1.3 CONTENTS OF THE THESIS 
 
The project deals with the definition of fragility curves referred to specific types of buildings, able 
to represent a significant percentage of the current historical masonry buildings population. The 
construction of fragility curves allows the evaluation of the expected level of damage for each 
considered seismic intensity. For each intensity level, in fact, the fragility curve represents the 
probability that the building exceeds an assigned threshold value. This methodology allows an 
increase of information regarding the seismic performance of the investigated building-classes. 
The significance of the obtained results is related to the effectiveness of the buildings 
classification, which should be detailed enough to account for the specificities of the considered 
buildings but general enough to cover a significant number of cases. In this work, the fragility 
curves were computed according two different approaches. At the building scale, on the selected 
case study, they have been analytically derived from the results of the mechanical analyses, which 
have been performed through nonlinear static analysis. At the urban level, the outcomes of the 
latter have been considered in order to extend the analytical results to a wider sample of buildings. 
Proper dispersion values have been defined for each direction of the analysis, for the different 
considered limit states. The dispersion took into account the capacity of the structure and the 




seismic demand. The seismic input considered in the analysis has been assumed with reference 
to the National hazard classification for the site of the area, in the hypothesis of soil-classes 
compatible to the considered area, by selecting 30 accelerogram spectrum-compatible to the Code 
spectrum.   
The contents of the thesis are developed as it follows. The first Chapter introduces to an overview 
regarding the seismic vulnerability assessment, the aims and the objective of the thesis. Chapter 
2 presents the Florentine case studies and the cognitive approach adopted to characterize the 
investigated stock. A significant number of information has been collected on the public housing 
interventions, including the age of construction, the adopted material and technology, and their 
historical contribution to the development of the city. In Chapter 3 the methodology for the 
seismic vulnerability assessment is described. It deals with different scale of interest, unbalanced 
towards the analytical phase. Chapter 4 is focused on the application of the cognitive phases to 
the investigated urban stock. This part regarded the data acquisition for the seismic vulnerability 
and the definition of the building class chosen for in-depth studies. Chapter 5 is targeted on the 
analytical phase, which it concerns the application of the nonlinear static procedure and the 
derivation of fragility curves. In the last sections, evidences from the analysis are discussed; 
furthermore, some contribution is offered in terms of linear elastic procedure, through the 
discussion of the ductility q-factor. Chapter 6 presents the hybrid implementation of the analytical 
results to a larger number of buildings. In this section the adopted parameters are introduced and 
discussed, expressing the variability of their response after a coherent application. Finally, 
Chapter 7 presents the conclusive remarks of this thesis’ work and further future perspectives to 
continue the research improving the outcomes for the seismic vulnerability assessment of the XX 

















































2. URM BUILDINGS MADE IN THE XX  CENTURY IN 
FLORENCE 
In this chapter an overview about the outskirts of Florence is presented. Despite the City is known 
all over the world for its artistic and architectural heritage and as the Capital of Renaissance, most 
part of its urban stock consists of residential, and not relevant, buildings. Considering the urban 
growth of the city, the biggest part of the Municipality has been made during the XX century. 
Since the demolition of the urban town walls in the XIX century (when Florence became the 
capital of Italy) several districts have been erected in the external areas. These buildings, 
secondary of importance but primary for number, are still in use, and they require an assessment 
of their seismic performances.  
The development of the Florence’s outskirts has been affected by the new contents introduced by 
the Modern Movement. It concerned different urban configurations, with different interactions 
between the units. Specifically, comparing to the historic stocks, the new districts are 
characterized by regular structures. Each of them can be isolated or aggregated. In some case, the 
plan design of the outskirts in various areas of the town was done all together, realizing the 
different structural units at the same time.  
In this chapter, the public housing interventions have been selected as representative of this 
residential stock. The public housing institutions promoted several interventions, for about 20000 
apartments (Pierini, 2001). Nowadays, most part of these buildings have been sold and they are 
anymore included in the public provisions; nevertheless, the archive documentation of the 
projects is well-conserved and documented, able to provide the information needed for an as-built 
modeling.  
 
2.1 URBAN DEVELOPMENT OF THE CITY 
 
Florence was founded by the Roman Civilization in the I century BC, in a plain area close to the 
Arno river. The first core of the city was built over a geometrical grid with a square shape. During 
the centuries, different Town Walls hosted the growth of the city in the Medieval period, when 
Florence earned an important position in commerce and financial loans. The city grew in prestige 
and fame in the Renaissance period with the Medici court and its intellectual circle. During the 
centuries, important Monumental buildings, both religious and private, were built, establishing 
the exceptionality of its historical center. Nevertheless, from an urbanistic point of view, the city 
didn’t grow and remained in the Medieval wall ring until the XIX century (Lopes Pegna, 1974). 






Figure 2.1 The Florence city maps. On the left: a1853 city map. The town was all enclosure into the town 
walls. On the right: the city in 1872; the town walls were demolished and new districts were born. (source: 
Repertorio delle Architetture civili, Palazzo Spinelli).  Below: the Contemporary city with its main districts. 
In 1865 Florence became the Capital of Italy; due to this event, new districts were designed, and 
the Town walls were demolished. Inspired by the Vienna’s Ringstrasse and the Hausmann’s 
Boulevards in Paris, an external ring of representative buildings was realized and the development 
of the city in the plan areas around started. This phase is represented in (Figure 2.1), where it is 
possible to compare the dimension of the city before/after the XX century. In that period, Florence 
grew in the East direction along the Campo di Marte area and in the West direction to the Rifredi 
area. The development of the city continued in the gap between the two WWs, with a saturation 
process of the existing outskirts. The post-war reconstruction marked a crucial point for the 




development of the contemporary city (Marcetti et al. 2006). After the IIWW other new 
residential districts were planned, like the Isolotto and the expansion of Novoli. The urban plans 
of the 60’s developed new areas of the city in order to host and manage industries and work 
activities with the residential districts (Fantozzi Micali et al. 2007). The last growths mostly 
regarded RC areas such as the suburbs of Le Piagge or Torri a Cintoia. Nowadays the city hosts 
over 380 000 citizens and it is the chief town of a metropolitan area with over 1 million 
inhabitants. In 1982 two important documents signed the future of its development. In this date, 
the city center was recognized by Unesco World Heritage; in the same times, the Government 
declared the municipality as a seismic zone (http://www.firenzepatrimoniomondiale.it , D.M. 
19/03/1982). 
2.2 THE PUBLIC HOUSING INTERVENTIONS 
 
The public housing interventions were carried out to solve the housing problem which represented 
a large number of cases in the city. Since the XIX century many public housing interventions 
have been made. Due to their dimensions, they contributed to the transformation of the city in the 
external areas. According to Pierini (2001), more than 20000 apartments have been realized by 
Public Housing Institutions. Nowadays, they represent a not negligible percentage of the 
residential buildings made in Florence in the last century. These buildings precede the 
introduction of seismic codes; while they have been studied for social purposes and urban 
planning, their vulnerability have never been examined (Cardinali and Tanganelli, 2018). 
Furthermore, their projects are, customarily, more detailed and reachable than others, aside from 
being more “homogenized” than the private ones, as they have settled a standard in morphology 
and mechanical properties. Masonry buildings represent the most significant part of public 
housing population, characterized by constructions realized until the early ‘60s. In this work the 
archive research played a crucial role in the data acquisition for the following analytical phases. 
In fact, due to the urban scale aim of the project, a specific survey of each structure would be 
unsustainable. Hence, the project considers the acquisition of geometrical and structural 
information provided by the archives of the Public Housing Institutions. The realized buildings 
are modern, and the produced documentation is still available. The comprehension of the available 
documentation and the common features of the buildings passed through the study of the historical 
evolution of the public housing interventions in the city of Florence, which is presented in Section 
2.2. For the mechanical properties, a site-specific implementation of the mechanical properties 
provided by the code was made through a Bayesian approach. This has used the data obtained by 
the Tuscany Masonry Database (Boschi et al. 2015) for the same typologies of masonry. The 
specific methodology is presented in Section 2.4. 





Concerning the historical evolution of the public residential constructions in Florence, the first 
public housing interventions in Florence are dated back to 1848 when the Società Anonima 
Edificatrice di Firenze (SAE) was created. It aimed to realize houses for the working classes. 
They contributed to the realization of several buildings characterized by the adoption of regular 
block types with internal courtyards, such as the buildings in S. Gallo, Borgo Pinti, via del 
Campuccio, via della Mattonaia, S. Niccolò and S. Jacopino (Gobbi Sica, 2006). In 1885 the 
Comitato per la Case ad uso degli indigenti was promoted. Starting from 1911 they realized 14 
interventions of residential buildings, hosting 342 houses (Pierini, 2001). The standard building 
of the period consisted of a big regular block. In 1912 the Railways started to promote housing 
interventions for their workers, realizing several aggregates.  
In 1909 the Istituto Autonomo per le Case Popolari (IACP) was created. It has been the main 
promoter of public residential interventions in Florence and the one that, switching into Ater 
(Azienda Territoriale per l’Edilizia Residenziale) in 1986, today is still managing the public 
properties. Nowadays it is called Casa S.P.A. IACP, since the first realizations proposed different 
buildings types, alternating the block types, also called barrack buildings (via Rubieri, via 
Zanella, via Bronzino) with linear typologies proposing different spatial configurations (via 
Erbosa, via Annibal Caro, via Circondaria). From the 20s, IACP led different projects over the 
architectonical types (Metelli, 2016). In this period, the ampliation of the via Erbosa stock was 
made, and the village of minimum houses in via Carlo del Prete was realized. In the 30s, the Ente 
Nazionale Combattenti Edilizia Popolare (ENCEP) planned several interventions in the 
peripheric areas of the city. The interventions suffered an interruption after the Fascist period and 
caused the failure of an important residential project located in via Antonio del Pollaiolo. The 
public housing activities restarted only after WWII, thanks to the INCIS interventions and the 
INA-Casa plan. Particularly, the INA-Casa (and, later, Gescal, the association which replaced it) 
promoted an exceptional number of public housing interventions in the 50s. The Isolotto district, 
aimed by La Pira major, is the most emblematic intervention, for the dimensions, the theoretical 
contributions and the architects that followed the design of the buildings. After INA-Casa, the 
building activity slowed down (Bettio and Romanelli 2003). In the 60s, the public housing 
continued in the new areas localized by the new city urban plan dated 1962. After that, the public 
interventions will be constituted only by RC buildings. The expansions regarded Torri a Cintoia, 
Le Piagge and other areas like Mantignano or Rocca Tedalda.  
Nowadays, most part of this heritage has become private, given to the tenants through hire-
purchase procedures. Nevertheless, a public housing institution, Casa SPA, still exists and it 
manages over 12000 residential units scattered over 33 municipalities of the Florentine hinterland. 
The project and constructions office of the company has been partially involved in the present 




project; they allowed the access some existing structures where some visual inspections of the 
interior parts and some experimental tests have been performed (Palermo et al. 2019). 
In this section, an overview about the performed archive research is shown. The research 
concerned different catalogues in Florence (Archivio Ater/Casa SPA, Archivio Storico del 
Comune di Firenze, Archivio delle Ferrovie dello Stato) and has identified a relevant number 
of projects of residential buildings. For each project, the definitive design related by technical 
specifications and quantity surveying of materials has been researched. The level of 
information is quite heterogeneous and not always the same, depending by catalogue, the 
contractor society, the years of constructions and the researched intervention. The Ferrovie 
dello Stato records are exceptional documents for the quantity and the quality of 
specifications and details. In Figure 2.2 some representations of the documentation found in 
the archives are presented. A rapid overview of the archive collections is finally presented in 
Table 2.1. Herein, the documentation is listed within the different archives, describing the 
information found in terms of textual contents and drawing ones. The latter are divided 
between the main structural elements composing a building: foundations (F), walls (W) and 




Fig. 2.2 From top left: public housing in via Manni, D’Orso, Gelli (1930), Carlo del Prete (1930) and 
in via Erbosa (1934). Below interventions in piazza Terzolle (‘30s), Isolotto (‘50s), via Baracca (‘50s) 









Table 2.1. Overview of the archive collections investigated for this work 
Archive source Period Technical documentation  Drawings Drawing details 
IACP / Ater 
XIXth century Literature documentation; aerial views, photos of the interventions 
F / / 
W / / 
S / / 
IACP 30s Literature documentation; aerial views, photos of the interventions 
F / / 
W ● / 




General relations; tender 
specifications; metric 
computations 
F / ● 
W ● ● 
S ● / 
Ferrovie dello 
Stato 
RFI – between 
the two WWs 
(20s-50s) 
General relations; tender 
specifications; metric 
computations, site quantifications 
F / ● 
W ● ● 




F / / 
W ● / 





F ● / 
W ● / 
S ● / 
 
2.2.1 IACP  /  ATER  DI FIRENZE ARCHIVE  
This Archive is the main reference of this research. Despite the loss of part of the 
documentation due to the flood of Florence in 1966 and to a fire, it hosts the documentation 
obtained by several institutions ended in the IACP (Ratti 2001, Bettio and Romanelli 2003). 
It includes the documentation of over 100 years of public housing in Florence. The archive is 
well documented, especially for the INA-Casa period. The oldest projects have been lost but 
some design can be obtained through the IACP publications and the private documentation 
of the head engineer of the Institution, Carlo Burci (IACP Firenze 1932, Istituto per le Case 
Popolari in Firenze, 1932) (Figure 2.3). 
 
Figure 2.3. Public housing in via Zanella/ via Aleardi. Published project by the head engineer of IACP, 
Carlo Burci. (source IACP/Ater archive).   




Regarding the interventions, the documentation here located may provide a good level of 
information. For the INA-Casa buildings, the rows of the different projects provide a general 
report, including the tender specifications and the metric computations. The drawings are 
generally represented in 1:50 scale. Regarding the slabs, the direction of the beams is 
generally not specified and information regarding the steel bars in the concrete ring beam are 
missing. In Figure 2.4 some drawings of the archive are presented.  Specifically, for the INA-
Casa buildings, it is not common to find executive documentation or reports from the 
construction site. That documentation is presented in the section Drawing rolls. They host 
only the drawing of some project in which most part of the documentation has been lost. 
Nevertheless, there are also “measurement plans” which are executive drawings referred to 
the masonry typologies and the concrete elements. For this reason, the checkmark in Table 
2.1 has been done.  
Figure 2.4. Left, bilding plan for a project in via Campo d’Arrigo. On the right, façade of a building 
in the Isolotto Area (source IACP/Ater archive). 
 
2.2.2 ARCHIVIO FERROVIE DELLO STATO –  EX D IREZIONE 
COMPARTIMENTALE DI FIRENZE  
The archive of the Italian Railways hosts the documentation produced by Ferrovie dello Stato 
from the end of the XIX century.  It is divided between the two main companies constituting 
the group, Ferservizi Spa and Rete Ferroviaria Italiana (RFI). Since the documentation 
provided by Ferservizi contains only bureaucratic parts concerning the acquisitions of the 
areas and the permissions, the real archive part is hosted by RFI. Here the technical part may 
be found. The Railways had the Government permissions to construct over their areas without 
licenses from to the municipalities. For this reason, the technical part is very accurate and 





characterized by an executive documentation instead of a definitive one. The drawings are 
orientated towards the realization of the houses and they are rich of details concerning each 
part of the work. Specific information for the lintels over the openings are shown, as well as 
the number of steel bars in the RC elements and their shape. The technical typologies are 
similar to the ones found in the Ater archives but richer of information that could be extended 
to the entire residential stock of the period. Nowadays Ferrovie dello Stato company sold all 
the houses that they realized in Florence during the years, therefor they became private 
properties.  In Figure 2.5 the executive drawings found in the archive are presented. For 
further information please see Cardinali and Tanganelli (2018).  
Figure 2.5 Executive section for an intervention in via Centostelle (1949); the different colours 
indicate the different masonry typologies in the building. On the right; executive drawings for a 
wooden roof in via Paesiello (1946) (source RFI archive). 
2.2.3 ARCHIVIO STORICO DEL COMUNE DI FIRENZE  
This archive was instituted in 1781; it hosts the material presented by different companies 
and owners to the municipality. Namely, the projects realized by privates or institutions were 
deposited to the City Hall, which it allowed (or not) the permission to realize the 
interventions. Then, a private copy of the projects remained to the owners of the areas; in 
case of the public housing interventions, these copies historically fed the archives described 
in the previous sections. However, a particular correspondence between the project found in 
the Archivio Storico and the private archive does not exist. One of the most documented 
interventions is the realization of the Isolotto suburb. Within the stored documentation, a 
digital archive with the only drawing was created (Bertocci 1998). Here it was possible to 
find the projects of some interventions not found anyplace else, like the residential stock 
realized in via Forlanini. In the Archive it is possible to find information concerning 
residential complexes realized by construction cooperative societies. Their birth aimed to 




provide for specific social categories (Aquilani et al. 1979). In 1908 in Florence, there were 
25 different societies and they had already built 192 houses.  
2.3 BUILDING TAXONOMY:  EVIDENCES FROM THE RESEARCH 
The conducted archive research allowed a technical characterisation of the masonry Public 
Housing interventions, and more in general, of the modern masonry residential stock settled 
in Florence. Considering the obtained full database of public housing intervention, the most 
part of the buildings have the ground floor detached from the soil level. The 90.67% of the 
database has a detached ground level. They can be divided into the 42.16% of the stock, just 
presenting a ventilation floor under the soil level (A-type), and a 48.50% characterized by an 
underground floor (B-Type). Only the 9.33% of the database doesn’t have the ground floor, 
with the structure directly located over the ground (C-Type) (Figure 2.6). An overview about 
the structural components of the building is proposed in the following sections. 
  
Figure 2.6. On the left: classification of the database from the relationship of the building levels with 
the soil. On the right: an example of public house with underground cellars. 
Foundations. These building types usually present linear continuous foundations. Their role 
is the stress transmission from the bearing walls to the soil. The Foundation of masonry 
structures are usually continuous because of the linearity of the structural elements 
constituting the structure itself. Materially, they used to be realized through masonry 
foundations, concrete / inert-materials foundations. In minor cases, they can be realized by 
RC structures. The first two techniques represent the oldest ones and the most adopted too, 
where the deeper layers are characterized by compact material stressed by normal actions. 
The introduction of the RC elements at the basis of the walls allows the definition or wider 
foundations, able to transmit the vertical action to the wings of the basement thanks to the 
shear capacity of the steel bars. In the investigated buildings several foundations realized with 
constipated concrete have been found. Basically, a larger rectangular (or constipated masonry 
or concrete with inert material) is at the base of the foundation wall, characterized by a larger 
thickness than the upper structures. The clarification about the materials adopted in the 





foundation system is provided by the technical documentation attached to the design. The 
excavation was usually punctual for the basement of the foundation, then the following layer 
grew in height. The excavation dimension was about 50-60 cm under the ground for the larger 
bearing structures. Following the classic scheme, they are usually 20-30 cm larger than the 
superior walls. In case of RC foundation some rectangular basement around 150 cm has been 
found. In Figure 2.7 some example of foundations found in the archive documentation is 
presented.    
 
 
     
Figure 2.7 Details for the foundations of the investigated masonry buildings (source RFI archive). 




Bearing walls. The bearing walls present common rules. Since these buildings are assimilated 
as URM structures, their technical system follows ancient and proven schemes. In the XX 
century the masonry structures were realized adopting common features for the good art of 
construction. Specifically, the investigated buildings present good empirical treatments. The 
bearing walls have structural continuity from the foundation of the building to the last level. 
The masses are coherently distributed along the height. The perimetral walls of the lower 
levels are realized by rubble stone masonries; at the upper floor the thickness of the walls 
decreases and they are generally realized by artificial materials. The latter can usually change 
from solid clay bricks to hollow masonry types. The rubble stone masonry of the lowest floor 
can be enriched by courses of clay bricks; they are targeted to align horizontally the masonry 
and distribute homogeneously the loads. The rubble stone panels are composed by irregular 
stone elements joint with hydraulic mortar. The horizontal courses are usually 1 meter spaced. 
Specific attention to the corner connection may be found, but this is an evidence obtainable 
with visual inspections rather than from the archive documents. At the upper floors, in some 
case, when the bearing walls were constituted by hollow clay bricks, a bad disposition of the 
resistant elements was found. Namely, the internal partitions in the artificial elements have 
been found disposed along the horizontal direction instead than the vertical one. Nevertheless, 
some shrewdness for the connection slabs-walls was found, by the disposition of an horizontal 
layer of solid clay bricks under the concrete ring beam. In Figure 2.8, some examples are 
shown.  
  
Fig. 2.8. On the left: drawings from RFI Archive, details of masonry structures. On the right: removal 
of the plaster layer to check the material constituting the walls; a non-optimal disposition of the hollow 
clay elements was found.  
For what concern the variability of the walls, the 52.7% of the buildings has the perimetral 
walls with a variable thickness, while the 47.3% have a constant thickness. Basically, these 
data are related with the total height of the structures. Low buildings, ranging between one 





and two floors more likely present a constant thickness of the bearing walls. On the other 
hand, buildings with three, four or more floors tend to have recesses in the thickness of the 
walls. It is worth pointing out that the obtained data suffer of some uncertainty tending for 
the variable thickness of the bearing walls; in some case the plans found in the archives are 
not the deposited projects but just cadastral references to the contracts, with no quotes in the 
drawings. Since the plans, except for the thickness of the walls, were the same at each level, 
it is reasonable assume that they could have used the same plan for each contract, without 
having the accuracy of putting the real plan for each document. So, for a minority of buildings 
that present the constant thickness of the walls, this aspect could be in-depth investigated. 
Moreover, the obtained archive research database contains also terraced houses with a 
maximum height of 2 storeys. Removing this latter class from the database, it counts 36.73% 
of the buildings as A-Type, 53.06% for B-Type and 10.21% for C-Type. Concerning the 
thickness of the walls, the 57.89% has a variable thickness with the bearing structures 
characterized by recesses, only the 42.11% is made of constant buildings. In Table 2.2, a brief 
resume of the characteristics of the investigated buildings is shown.  
 Table 2.2. Building features; ventilation floor and thickness of the bearing walls. 
 A-type B-type C-type Variable Constant 
Total 42.16% 48.50% 9.33% 52.7% 47.3% 
No terraced houses 36.73% 53.06% 10.21% 57.89% 42.11% 
3 storeys 54.76% 26.19% 19.04% 50.00% 50.00% 
4 storeys 23.07% 75.82% 1.09% 78.82% 21.17% 
 
Slabs. The floors are realized through RC joists alternated with hollow clay elements, topped 
by a 4-cm concrete slab. The hollow bricks can have different shapes that can lead at different 
distances between the joists. This represents a common technology for slabs in Italy. They 
are called solai in latero-cemento which corresponds to mixed slabs; the thickness of the 
structural part is around 16/20 cm. In the first configurations the beams were reinforced only 
by the presence of a steel bar in the inferior part in order to get the tensile stress. In the further 
configurations, three bars per beam were designed, two below and one in the upper part. The 
superior slab of 4 cm was usually reinforced with a crossed steel fence, otherwise 
characterized by only concrete. Over time, the presence of steel fences became the practice 
trend, due to its capacity of distribute the stress and reduce the planar deformations. 
The terraces of the buildings, when they are realized inside the building shape through the 
definition of loggias, they follow the same rules; in case of ledge terraces, they are mostly 
obtained by unique RC slabs. The connection between the slabs and the vertical elements (the 
bearing walls) is guaranteed by the presence of RC ring beams all over the main structures. 




Unfortunately, for both slabs and ring beams a lot of information about the steel bars of the 
RC elements were not available. A detailed quantification of the steel bars was present for 
the Railways buildings (RFI archive). In that buildings, the documentation showed the 
presence of 4 bars ϕ14 in the perimetral ring beam; moreover, ϕ14 and ϕ10 were used for the 
reinforce of the slabs. The brackets had a dimension of ϕ6/20-30 cm. Concerning the ceilings, 
they are used for crawl spaces where there are not live loads. Sometimes they are realized 
with the same technology but lower (12/16 cm) depth, otherwise they are composed by steel 
beams alternated to hollow tiles generally without concrete slab. In Figure 2.9 some example 
both concerning drilling tests performed over the buildings, both technical details about the 




Fig. 2.9. On the left: drilling test for the check of the slabs of the terraces of the public houses. On the 
right; two technical drawings referred to the realization of the mixed-RC slabs (source RFI archive). 
Roofs. Roofs are generally made through wooden beams covered by wooden planks and roof 
tiles; sometimes, they are composed by prefabricated RC joists (Varese joists or similar), 
hollow tiles and finally hollow roof tiles. Normally, the crawl space has the concrete kerb 
over the perimeter of the building and it is joined with the level floor, while the roof structure 
is not linked with the concrete ring. In Figure 2.10 some technical drawing about the structural 
details of masonry walls and slab elements is shown. 
Stairs. Stairs are usually located in the central position of the building, in order to distribute 
mutually to several apartments. They are realized mostly by cantilever structures jointed to 
the masonry walls. They can be done by pre-fabricated steps or by RC elements cast in-situ 
or made of grit (Figure 2.11). 
 







Fig. 2.10. Top on the left: the attic floor with the RC beams sustaining the roof. On the right: detail 
drawing of the Varese joist for the roof. Below: timber roof structures. (Source RFI archive). 
 
 
Fig. 2.11. On the left: an internal stair distributing to two apartments for floor. On the right, up: 
detail of the connection of the steps into the masonry wall; below: drawing of the steps of a stair. 




2.4 MECHANICAL PROPERTIES OF THE MATERIALS 
In this section the mechanical properties of the materials adopted in the investigated buildings are 
presented and discussed. 
Masonry. Concerning the mechanical properties of the materials, this work started from the 
mechanical values proposed by the Italian codes in case of existing buildings. The 
characterization of the mechanical values of materials is a complicated task, especially referred 
to masonry structures. The latter depends not only on the quality of the material in itself but it 
involves the disposition of the elements and the personnel qualifications during the executive 
phase. Nowadays the Italian codes (MIT 2009, MIT 2019) provide mechanical parameters for 
different existing masonry typologies of the peninsula. The codes present range of values for 
different properties and they recommend, based on the Knowledge Level (KL) achieved, which 
value is statistically the most reliable to adopt. It is worth noting that the values presented in the 
codes are the worst values for the considered typologies. As reported in MIT2019 (C.8.5.3.1) they 
are referred to masonry walls in specific conditions: lime mortar with moderate mechanical 
characteristics (0.7-1.5 MPa), no horizontal bricks planes, drawn closed sides or bad-jointed faces, 
element disposition in a workmanlike manner (just for regular masonries), non-consolidate 
masonry. Based on the existing condition, a Table, referred to ameliorative coefficient is 
presented too.  
As known, in the seismic vulnerability assessment of the existing structures, the Knowledge path 
plays a crucial role, both for the definition (and the comprehension) of the structural system, both 
for the characterization of the mechanical properties of the adopted materials. For the case of 
masonry buildings, an expert judgment, based on the survey and the inspection of the investigated 
building, can be able to detect the structural organism and propose the most reliable analyses for 
the examined conditions. A qualitative judgment can be also done concerning the quality of the 
masonry structures and their seismic behavior, nevertheless, without invasive tests, nothing can 
be said about the values of the mechanical properties involved. For this reason, the KLs and their 
relative Confidence Factors (CF) entered in the codes. Therefore, despite the performance of 
invasive tests in order to define the mechanical properties of the masonry walls is the most 
recommended method to characterize the masonry walls, their use in engineer practice is limited, 
because of their high costs of execution, their invasive issues and the needed of at least one test 
for each masonry typology involved in a construction. Several non-destructive and minor 
destructive techniques (NDT and MDT respectively), calibrated on the results of the destructive 
ones have been defined. Nonetheless, their application is still not recognized by the code, 
confining their usability to academic researches and cultural heritage contexts. Aiming to study a 
class of building at urban scale through an hybrid procedure, the mechanical properties involved 





in the analysis have to be enough detailed to be reliable, but also sufficient general to be shared 
with the different structures.  
In this work, the initial mechanical values have been updated through a Bayesian approach. The 
starting mechanical values are obtained by the Italian code, which has been considered for the 
initial values for each masonry typology. Hence, they have been updated through the use of in-
situ values experimentally defined in Tuscany. First of all, the most recurring masonry typologies 
presented in the investigated buildings have been selected. For these typologies, the mechanical 
values and their probability distribution coming from MIT2019 have been assumed. Then, the 
mechanical data have been implemented taking into account the experimental tests executed in 
the Tuscan Region for the same typologies of masonry.  
Bayesian approaches have been introduced by the Scientific Community, due to the fact that 
they allow the update of the starting values, based on the implementation of new samples 
over a prior distribution (Bracchi et al. 2016.; Milosevic et al. 2018). The last MIT2019 has 
recently implemented these concepts in the updating of mechanical values. In Table 3 the 
ranges of values for the mechanical properties of the masonry typologies identified for the 
XX century URM building stock are shown. As presented in Section 2.2.2, the rubble stone 
masonry and clay brick masonry are identified for the external bearing walls of the structures. 
Hollow clay bricks can be also be found at the upper levels, as presented in Figure 3.8. 
Referring to the quasi-full bricks with cement mortar, this class has been considered for some 
partition wall. Moreover, the concrete clock typology has been taken into account, since it 
came out in some in-situ investigation made during this research.   
Table 2.3. Prior values: minimum and maximum ranges defined by the Italian codes for the mechanical 
parameters of different masonry typologies. 










Chaotic rubble stone masonry 
  
1 0.018 - 690 230 
2 0.032 - 1050 350 
Clay bricks and lime mortar 
  
2.6 0.05 0.13 1200 400 
4.3 0.13 0.27 1800 600 
Quasi-full bricks with cement mortar 
  
5 0.08 0.2 3500 875 
8 0.17 0.36 5600 1400 
Concrete or clay blocks (vacuum range 45-65%)  1.5 0.095  1200 300 
2 0.125  1600 400 
Semi-hollow concrete blocks 3 0.18  2400 600 
4.4 0.24  3250 880 
 
In Table 2.3, the elastic moduli of the masonries (Elastic Young’s Modulus  E and Shear Modulus 
G, respectively) are shown; finally, fm expresses the compressive strength of the material, while 
fv0 and τ0 are referred to the shear capacity. The MIT2019 consider alternatively two types of shear 




failure, the Mohr-Coulomb criterion (Mann and Müller 1980) and the Turnsek and Cacovic one 
(Turnšek, and Cacovic 1970, Turnšek and Sheppard, 1980). Until the last seismic code of 2018 
(NTC2018 and MIT2019), only the Turnsek and Cacovic criterion was considered. The 
introduction of both mechanisms has been recently done, after the evidences in masonry buildings 
provided during the Emilia Romagna seismic sequence. The first one, expressed by the coefficient 
fv0 is generally activated by the disposition of the resistant elements along the short face, which 
generates a slight vertical misalignment and ladder ruptures. It is based on the cohesion of the 
resistant elements and their friction coefficients. The Turnsek and Cacovic criterion instead, 
expressed by τ0, is more reliable in case of irregular structures and where the textures of the 
masonry lead to a proper engagement of the elements. In this work, the second criterion has been 
considered and estimated as the most reliable for the studied masonry types. In fact, in the clay 
brick masonries of the Tuscany area the resistant elements are usually disposed along the long 
face, which it hardly leads to damage patterns through the mortar layers.  
Starting from the values presented Table 2.3, the Bayes’ inference based on the Bayes’ 
theorem is used to update the initial probability distribution by introducing a sample of 
experimental values. Given the prior normal distribution of values (set on a mean value and 
the standard deviation of the sample), the update of values follows the proposed equation:  
�" = (津諜博袋賃禎嫗)(津袋賃) ;        �" = �′ 謬 津賃津袋賃                (2.1-2.2) 
Where n is the number of tests, �博 the mean value of performed tests and μ’ represents the mean 
value obtained by the code range; k represents a coefficient provided by the MIT2019 that 
considers the ratio between variance of performed tests prior distribution variance. (Simoes 2019). 
Different k values are proposed for several experimental tests. 
For the experimental tests, the data contained into the Tuscan Masonry Database (TMDB) 
published by Boschi et al. (2018) have been used. The latter contains a wide number of 
experimental tests performed in the Tuscany Region during the last decades by different research 
institutions. The mechanical values for the implementation have been selected between the tests 
performed over wall panels made during the XX century for the same masonry typologies. Data 
of experimental campaigns have been found for all the masonry types considered except the semi-
hollow clay blocks, for which the code values have been used. In Table 2.4 the experimental 
tests adopted for the mechanical value upgrade for the chaotic rubble stone masonry are 
shown (DFJ is double flat-jack test, CD diagonal compression test, C compression test; fm for 
compressive strength, τ0 shear strength, E Young Modulus, G Shear Modulus). The number of the 
different tests (MP062, CD005) are referred to the names coded in the TMDB. For sake of 
brevity, the other parameters are presented in the final Appendix (Appendix 2). 





Complexly, 27 CD tests, 11 DJF tests  and 2 C tests have been used. The Compression Diagonal 
tests provide information about the Shear Modulus G, and for the shear strength τ0. The Double 
flat-jack tests and the Compressive tests provide results for the Elastic Modulus E and for the 
compressive strength fm. The results of the updated values are shown below. (Table 2.4). 
Table 2.4. Rubble stone masonry, Bayesian approach.  




cov E  
(MPa) 
















prior MIT2019 1.5 0.33 0.025 0.28 870 0.21 290 0.21 
DJF MP062     2174    
CD CD005   0.025    284  
CD006   0.038    232  
CD007   0.032    338  
CD008   0.036    106  
CD009   0.022    43  
CD014   0.03    566  
CD015   0.039    360  
CD016   0.031      
CD017   0.044    629  
CD018   0.024      
CD019   0.023      
CD020   0.023      
CD021   0.069    407  
CD028   0.042      
CD029   0.058    1236  
CD030   0.023    933  
CD031   0.041    267  
CD037   0.025    272  
CD050   0.023      
C C109 1.04    322    
C110     456    
mean  1.04   0.03411   984  436.385  
updated  1.270 0.278 0.034 0.203 970.47 0.158 421.24 0.165 
  1.270 0.278 0.034 0.203 1263.72 0.165 421.24 0.165 
 
The final updated values for the different identified masonry typologies are shown in Table 2.5. 
Figure 2.12 shows a comparison for the four investigated parameters, between the prior and the 
updated values. In some case, the final values have been taken considering both the updates each 
parameter independently, and the relationships between the parameters in themselves. For 
instance, in case of chaotic rubble stone masonry, an extensive number of experimental tests for 
the definition of the G Modulus has been used, while a lower number characterized the E modulus. 
Therefore, despite the upgrade of both parameters, as final results the Bayesian approach has been 




adopted to define G, while E were obtained by their relationship, where G is usually adopted as 
G= E/3. The results present some differences between them. In some case, the updated values are 
lower than the mean values provided by the code. Nevertheless, the adopted mean values usually 
remain in the range of the prior distribution. It is worth noting that the experimental values have 
been found concerning masonry buildings built in the same Region during the same referred 
century. Therefore, the obtained upgrade is specifically referred for the Tuscan context, switching 
from general data valid for the entire Italian territory, to site-specific results. Despite the results 
in some case provide lower values than the MIT2019 ones, the site-specificity of the samples can 
be assumed as more accurate than the standard prior values provided by the Italian standard. As 
well, a set of experimental campaigns focused on the investigated buildings and involving the 
Public housing institutions ruling the properties would be a further step for a more accurate 
mechanical definition.    
 
Compressive strenght Shear strength 
Young’s Modulus Shear Modulus 
             
Fig. 2.12. Prior and updated distribution for the different mechanical parameters investigated.  
 





Table 2.5. Updated mechanical values: minimum and maximum ranges defined by the Italian codes 
for the mechanical parameters of different masonry typologies. 










Chaotic rubble stone masonry 0.916 0.027 - 1054 351 
1.624 0.040 - 1472 490 
Clay bricks and lime mortar 1.972 0.049 0.13 2284 761 
3.360 0.115 0.27 2965 988 
Quasi-full bricks with cement mortar 3.237 0.170 0.20 2916 972 
6.237 0.250 0.36 4543 1514 
Concrete or clay blocks (vacuum range 45-65%) 1.500 0.095  1200 300 
2.000 0.125  1600 400 
Semi-hollow concrete blocks 3.000 0.206  3301 1100 
4.400 0.254  4078 1359 
  
 
Concrete. For the concrete material, several studies have been conducted for the Tuscany 
Region. In particular, a relevant quantity of samples has been extracted from public civil 
buildings. In Cristofaro et al. (2009) the mean values and the relative standard deviation for 
concrete classes depending on the decade have been presented. Starting from these parameters, a 
minimum, mean and maximum value for the cubic compressive strength Rc, mean have been 
considered. Hence, three different values equal to 13.25, 21.18 and 30.92 MPa have been adopted.  
Steel. In this work, the steel elements are only referred to the bars into the reinforced concrete. At 
the time the steel bars were smooth reinforcing bars, characterized by the absence of shaped ridge 
structures. For the mechanical characteristics of this materials, particular site-specific researches 
were not been found. Therefore, the mechanical properties were assumed based on the 
publications from the Campania Region (Verderame et al. 2011). Herein, a common steel material 
characterized by an Elastic Young’s Modulus of 206000 MPa and a characteristic yielding stress 











3. THE PROPOSED PROCEDURE FOR THE SEISMIC 
VULNERABILITY ASSESSMENT OF FLORENCE’S URM 
BUILDINGS 
The seismic vulnerability assessment of masonry buildings - and civil structures in general – is 
an important topic for contemporary societies in seismic prone areas. Between them, residential 
constructions constitute bigger percentage of the urban stocks. Different constructive systems are 
involved, dealing with different intrinsic vulnerability propensions.  Masonry constructions are 
part of the oldest structures on Earth (Roca et al. 2019, Lourenço et al. 2015, Varum et al. 2015). 
This technique, able to build big and important buildings through the use of small elements 
aggregated between them has remained the main technique since the introduction of the modern 
materials. Masonry buildings, as a result of the disposition of the resistant elements, combined 
through the use of mortar, is extremely good in order to resist to vertical actions (Como, 2013). 
Nevertheless, the capacity of masonry structures towards the earthquakes is different. In fact, the 
resistance of masonry buildings towards horizontal action mostly depends on the quality of the 
connections between walls. (Lourenço, 2015) Essentially, the masonry buildings may respond to 
the seismic actions following two types of mechanisms: the out-of-plane mechanisms and the in-
plane ones. The out-of-plane phenomena depend on the connection between orthogonal walls and 
the resistant capacity of the horizontal diaphragms (slabs, vaults). They can be considered as 
kinematic actions around cylindrical hinges that may be generated at different heights of the 
masonry walls because of constructive discontinuities or different reasons. This type of 
mechanism is not specifically referred to the mechanical characteristics of the masonry in itself. 
In fact, the masonry wall may be considered as a rigid block. For this reason, since the out-of-
plane actions are the first which are usually activated, the in-plane behaviour is researched. The 
in-plane capacity of the masonry panels depends on the mechanical characteristic of the masonry. 
Moreover, the diaphragms allow the transmission and the distributions of the seismic loads to all 
the masonry structures. Further, the so-called box behaviour is required. As presented in the 
introduction, the masonry buildings may be divided into three classes, depending on their 
response to the seismic actions. Between these typologies of unreinforced masonry (URM) 
buildings, the constructions studied in this thesis, URM buildings with RC slabs, are part of the 
third group. They are able to distribute the seismic actions over the different masonry walls and 
their capacity mostly depend on in-plan actions.  
The study of the seismic performances of the buildings started through the evidences of the 
damages produced by past earthquakes. At urban scale, several procedures have been obtained by 
the study of these samples. The EMS-98 vulnerability classes have been developed in this way, 
as several empirical procedures (Vicente et al. 2011, Kassem et al. 2020). These empirical 





methodologies have the pro that they have been calibrated on the basis of direct data. 
Nevertheless, their applicability is strictly extensible for similar contexts where the conditions 
don’t change. Referring to the building stock, considering different conditions as the materials 
adopted (with their mechanical characteristics) or the seismic hazard of the area, their use can be 
unreliable. For these reasons, analytical procedures have been developed.  
Different approaches have been developed for the structural assessment of the masonry buildings 
(Asteris et al. 2019). D’Altri et al. (2019) consider four different types of modeling: continuum 
models (CM), macroelement models (MM) block-based models (BBM) and geometry-based 
models (GBM). BBMs consider the masonry as a texture discretized in rigid (or deformable) 
elements mutually connected mostly through mortar. The damage and failure responses are given 
by the interaction elements, which lead the nonlinearity in the response. Discrete elements 
approaches are largely used. These types of approaches have the cons to require huge 
computational efforts more adequate for the scale of single walls or elements than for the building 
scale. Moreover, referring to historical buildings, the core of the masonry structures is often 
unknown; therefore, the building modeling can present various sources of uncertainties. CMs 
consider the masonry as a deformable continuum material without distinction between the 
resistant elements and the mortar. Several constitutive laws can be assumed, and the mesh 
possibilities allow these approaches to be advantageous at every scale of element. MMs are 
modeling approaches for walls or entire buildings. They are based on the observation of seismic 
data in order to discretize the walls in few elements connected through rigid nodes. The elements 
hold the constitutive laws of the materials, which are modelled as a continuum. The easy mesh of 
MMs conducts to law computation efforts, suitable for the engineer practice in the analysis of 
masonry buildings. Furthermore, their use is not attainable for a lower scale. The presented 
approaches, despite their differences in terms of definition, accuracy or computational efforts, are 
acknowledged strategies for the global assessment of buildings. Perhaps, in certain cases, global 
modeling is completely unreliable. Historical buildings with deformable floors and lack of 
connection between orthogonal walls don’t participate to the global seismic response, so that local 
mechanisms occur. GBMs consider the structures as rigid bodies and study the failure 
mechanisms and their activations. This type of approach can be considered as a smart procedure, 
often required by the codes for masonry buildings where the lack of connection between walls 
leads to local mechanisms without involving the full system. In these cases, this method can bring 
to a good assessment of the structural safety of the structure.  
The assessment of the seismic performance of buildings requires the assumption of a seismic 
demand and the definition of the structural capacity of the building under horizonal actions. In 
the engineer practice, linear constitutive law adopting the q-factor are very used; however, they 
are based on significant simplification not always able to catch the correct behavior of the 




structures (Magenes 2006). Modeling the nonlinear response of materials and elements 
accounting for their energy dissipation is a relevant source of uncertainties. In literature, several 
robust models can be found. Performance-based approaches (PBA) require the use of the 
nonlinearity of the masonry (Lagomarsino and Cattari 2015). Nonlinear static analyses (NLSA) 
are valid tools for the structural evaluation of buildings and their use is wide recommended by 
National and International codes (NTC2018, Eurocode8, FEMA 2005). They consist of the 
application of a horizontal monotonic force to the structure. The seismic capacity is computed as 
a “capacity curve”, i.e. a curve described through the base shear and the displacement of a selected 
control node, generally located at the upper level of the building. Two different distributions of 
the load pattern are normally requested. Then, on the capacity curves, the identification of attained 
Performance Levels (PLs) to define the Limit States (LS) is demanded (Lagomarsino et al. 2018). 
NLS procedures require the conversion of the capacity curve from a multi-degrees-of-freedom 
(MDOF) system into a single-degree-of-freedom (SDOF). This is targeted at comparing the 
defined capacity with the seismic demand. N2 Method by Fajfar (2000) and the Capacity 
Spectrum Method (Freeman, 1998) are between the most acknowledged conversion procedures. 
The selection of the target point in order to define the displacement of the structure is the main 
source of uncertainty for the capacity, especially in case of irregular buildings with deformable 
floors able to affect the results (Marino et al. 2018). Nonlinear dynamic analyses (NLSA) with 
scaled real ground motions and cyclic pushover analyses proved the worth of nonlinear static 
procedures. Nevertheless, their use in the engineer practice is still limited because of the high 
computational efforts, convergence problems, the availability of effective constitutive laws and 
expert judgment expertise for the interpretation of results and the choice of time-histories 
(Lagomarsino et al. 2018).   
As described, the use of such types of discretization depends on the target of the analysis, the 
dimension of the studied element and the type of analysis in itself. Moreover, the structural 
characteristics of the target building address the type of analysis to choose. Accurate studies can 
be defined at small scales, whilst these types of the structural assessments are not suitable for 
entire and complex buildings, due of their time-consuming and computational efforts. In the 
engineer practice, finite element (FE) models and equivalent frame (EF) models are within the 
most used approaches in order to study the structural performance of masonry buildings at global 
scale. FE models probably represent the most acknowledged and validated methods for structural 
analysis. They belong to the CMs approach and determine the analytical solutions of equilibrium 
through partial differential equations subdividing large-scale problems into several smaller ones, 
the so-called finite elements. Equivalent frame methods represent a MM discretization adopted 
for masonry buildings. They convert the bearing walls into macroelements subdividing the 
masonry in piers, spandrels and rigid joints limiting the number of degrees of freedoms 
considering equilibrium of internal and external forces. 





With regards to the urban scale, the definition of the vulnerability of the urban stocks where 
people live is primary important. To this aim, the definition of fragility curves allows the 
definition of the probability of occurrence of a certain damage level as a function of the intensity 
measure of the ground motion (Maio and Tsionis, 2015). For each considered seismic intensity, 
indeed, the fragility curve represents the probability that the building exceeds an assigned 
threshold value. Different fragility curves have been developed in the last years through several 
different contributions (Calvi et al. 2006; Pitilakis et al. 2014). Fragility functions may be derived 
adopting different approaches: 
-  Empirical; based on the observation of the direct damage of past earthquakes (Rossetto et al. 
2003; Colombi et al. 2008; Rosti et al. 2020) 
- Expert judgments; estimated by the opinions of experts on the basis of vulnerability index models 
(Lagomarsino and Giovinazzi 2006; Jaiswal et al. 2012) 
- Analytical; obtained from the results of static or dynamic analyses over structural models (Calvi 
1999, Rota et al. 2010; Remki and Kehila, 2018) 
- Hybrid; on the basis of the combination of the aforementioned methodologies (Kappos et al. 2006; 
Cavaleri et al. 2017; Kappos 2016). 
At the basis of the derivation of fragility functions, two parameters are necessary, the Intensity 
Measyre IMLS and the Dispersion βLS. The Intensity Measure producing the attainment of a 
specific limit state (LS), depends on the type of fragility curve and can be determined through the 
damage observation of past earthquakes or through the assumption of performance points 
evaluated by mechanical models. The involved dispersions depend on different sources of 
uncertainty. Lagomarsino and Cattari, (2014) presented four different sources that can be involved 
in the derivation of fragility curves, such as the spectral shape of the seismic demand, the 
epistemic uncertainty on the hazard curve, the uncertainty on the capacity curve and the 
uncertainty on the limit state thresholds. Basically, the first two sources are referred to the seismic 
demand, while the other two to the performance of the structural models. The uncertainties are 
considered as statistically independent and the final value of the dispersion of the system is 
computed as the square root of the sum of squares of each of them.  
3.1 LAYOUT OF THE PROCEDURE  
In this section the theorical framework of the thesis is presented. A macro framework of the 
adopted methodology is shown in Figure 3.1. The three different moments of the work are 
exhibited by different colour patterns. The flow-chart presents the phases in a chronological order; 
each phase can be considered propaedeutic to the following one. The procedure is developed 
separately for what concern the urban scale approach to the analytical one. Then, an hybrid 
approach that implements the results to a larger urban scale is finally obtained. The urban 
approach can be associated to a cognitive approach, based on the acquisition of the main 




geometrical and structural features influencing the seismic response of the investigated buildings. 
This part does not only consist of the application of a methodology but is strictly connected to the 
Knowledge path developed at urban scale. In fact, it allowed the acknowledgement of the 
principal information about the investigated stock, collecting information useful for the following 
analytical phase. The gathered data were used to subdivide the building database into typological 
classes and to choose the benchmark case study adopted in the analytical part. Moreover, other 
outcomes of the cognitive phase are given by the definition of the main structural and mechanical 
characteristics; some results have been already presented in Section 2.4.  
 
Figure 3.1. Thesis flow-chart divided between the three different moments of the work. The urban scale 
cognitive approach (green colour), the analytical probabilistic procedure based on nonlinear static analysis 
(red colour), the definition of general outcomes and the implementation of the results through an hybrid 
approach (blue colour).  
The second part of the work represents the core of the thesis; it concerns the analytical assessment 
of the selected case studies through the use of nonlinear static analysis. A probabilistic framework 
is defined, aimed to assess the seismic performance of the building by comparing the capacity of 





the structural model with the demand of the area. The results are expressed in terms of 
probabilistic fragility curves. Analytical methods present positive aspects that promote their use 
for the definition and calibration of fragility curves. Indeed, comparing the analytical 
methodologies to the empirical ones, the parameters describing the ground motion do not depend 
on the damage itself as in the macroscale. They allow the assessment of urban stock independently 
from the availability of data; so, their use can be extended to different typological classes. The 
specificity of the structural model can exhibit different failure mechanisms not pointed out from 
empirical data (Faravelli et al. 2019). 
Concerning the thesis procedure, general outcomes in terms of behaviour insights and prevalent 
characteristics are obtained. The latter allow the implementation to a larger building classification, 
defining the seismic vulnerability assessment of an homogenous class through a simplified 
procedure.  
The thesis aims at defining the fragility curves for selected masonry buildings. Namely, given a 
value im of the Intensity Measure (IM), the fragility function expresses the probability that a Limit 
State (LS) is reached. 
�鎮鎚(��): � ( � > �挑聴 |�� ) = � (��挑聴 < �� ) =  Ф 蕃log 日尿内謎薙縄庭薙縄 否    (3.1) 
where d is the displacement considered for the assessment of seismic behaviour, DLs is the Limit 
State Treshold, IMLS is the median value of the lognormal distribution of the intensity measure 
imLS that reaches the LS threshold and β is the total standard dispersion.  
Uncertainties are taken into account in the procedure; both aleatory and epistemic uncertainties 
have been considered. The aleatory uncertainties are characterized by a probability density 
function f(x) or the cumulative distribution function F(x). They describe continuous random 
variables, and they are used to characterize the inherent variability of the properties of the 
structures (such as mechanical properties, capacity of the models). Their description passes 
through the use of the mean and the standard deviation of the specimens. Concerning the 
mechanical properties of the materials, the update of the prior values is made following the CNR 
DT-212 recommendations through the updating of the a-priori values. The Bayes theorem has 
been used for the implementation of the starting values. Sensitivity analysis has been performed 
over the aleatory uncertainties in order to weight their influence in the Performance-based 
assessment (PBA) (Croce et al. 2019). The sensitivity analysis model has been applied adopting 
the star design with the central star approach, based on the performance of 2N+1 numerical 
analyses (where N is the number of uncertain variables involved). The referred partial dispersion 
has been calculated using the Response Surface Technique (Pinto et al. 2004). The epistemic 
uncertainties are referred to features characterized by an imperfect knowledge of the structure. 




They are modelled as discrete random variables related to their mass probability functions p(xi) 
(Bartoli et al. 2019). The epistemic uncertainties are herein modelled through a logic-tree 
approach, in which each different branch represents the combination of the values of the variables. 
The branches are assumed characterized by a statistical independence, so the final probability 
associated to the model is obtained as the product of the probabilities of the variable values in the 
branches.  
3.2 THE ANALYSIS OF THE URBAN STOCK 
At urban scale, the seismic vulnerability of structures can be evaluated using qualitative 
descriptors of specific macro-seismic scales, vulnerability indexes and capacity curves. The 
expected physical damage can be expressed by damage probability matrices, vulnerability 
functions and fragility curves (Lantada et al. 2010, Maio et al. 2015, Bento 2019). Damage 
probability matrices (DPMs) and fragility curves are within the most used methodologies. The 
DPMs are matrices where, given a seismic intensity, each number expresses the probability that 
a building attains a specific damage level (Whitman et al. 1973). Vulnerability curves show the 
relationship between the mean level of damage attained by a building and the value of the seismic 
intensity (Peduto et al. 2017). Finally, the fragility curves express the probability of reaching or 
exceeding a specific Performance Level (PL) for a selected intensity of the ground motion.  
Initially, empirical methods were developed through the information gathered during the post-
earthquake inspections. Braga, Dolce and Liberatore developed the first DMPs for the Italian 
territories on the basis of the damage patterns produced by the Irpinia earthquake in 1980 (Braga 
et al. 1982). Various Intensity measures may be used; the seismic intensity has been descripted 
in terms of Medvedev-Sponheuer-Karnik scale (MSK), Mercalli-Cancani-Sieberg)scale (MSC): 
more recently, the macroseismic scale introduced by Grunthal has been extensively used. 
(Grünthal, 1998). The EMS-98, both for masonry structures and for RC structures, defines 5 
damage levels DLs based on the evidence of post-earthquake data. Its use, based on the definitions 
of typological classes, has been later extended to buildings non-subjected by ground motions, in 
order to forecast damage scenarios (Lagomarsino and Giovinazzi 2006). Finally, the intensity 
measure to describe the ground motion events can be express in terms of Peak ground acceleration 
(PGA) and their relative peak ground velocity and displacement (PGV and PGD, respectively). 
Within the different ims, several conversion formula are presented in literature; a summary is 
presented in Kassem et al. (2020).  
In this work, an empirical methodology has been extensive adopted all over the investigated 
building stock. Within the various rapid approaches, the GNDT second level methodology has 
been adopted. Its use allowed the collection of the building information needed for the in-depth 
studies, and the obtainment of the vulnerability scores (GNDT 1994). Two different GNDT sheets 
can be found in literature, respectively for RC and masonry buildings. For the masonry buildings, 





the sheet is composed by 11 parameters (Table 3.1); it concerns different information, including 
the foundations, the materials adopted in the masonry walls, the roof structures, the geometrical 
shape of the buildings etc. Each parameter, depending on its importance, is weighted through 
proper coefficients, ranging from 0.2 to 1.5. The final value of the vulnerability is expressed 
between 0 and 100, where 0 represents a building without any vulnerability and 100 an extreme 
high level of vulnerability.  
Table 3.1. GNDT second level parameters and their relative scores. 
Parameter Pi wi 
 A B C D  
P1 Type of resisting system 0 5 20 45 1.5 
P2 Quality of resisting system 0 5 25 45 0.25 
P3 Conventional strength 0 5 25 45 1.5 
P4 Location and soil condition 0 5 25 45 0.75 
P5 Horizontal diaphragms 0 5 15 45 variable 
P6 Planimetric configuration 0 5 25 45 0.5 
P7 Regularity in height 0 5 25 45 variable 
P8 Maximum distance between masonries 0 5 25 45 0.25 
P9 Roofing system 0 15 25 45 variable 
P10 Non-structural elements 0 0 25 45 0.25 
P11 Conservation state 0 5 25 45 1 
 
The GNDT second level assessment has been widely used over time in Italy. The “weight” to 
assume for each parameter is empirically calibrated on the basis of the Italian earthquakes 
occurred in the last century. The vulnerability of the urban stock may then be then expressed 
through the macroseismic scale. Different conversions between GNDT approaches and the EMS-
98 descriptors can be found in literature. Vicente et al. (2011) and Formisano et al. (2011) 
implemented the GNDT second levels sheets introducing new parameters and calibrating their 
conversation into a macroseismic scale. Finally, the vulnerability can be expressed through the 
adoption of vulnerability curves. The curve is plotted through:   
�帖 = 2.5 峙1 + ���ℎ 岾彫袋滞.態泰蝶貸怠戴.怠町 峇峩 ; 0 ≤ �帖 ≤ 5      (3.2) 
where μD is the expected level of damage ranging between 0 (No Damage) to 5 (Collapse). The 
hyperbolic tangent accounts a ratio combining the Intensity level of the expected earthquake 
(ranging between 0 and 12), the Vulnerability Index already defined and a Ductility Factor Q. 
Different values of Q can be assumed; in this work, a Q value equal to 2.3, following the 
Lagomarsino suggestions has been adopted (2006). 




Finally, the probability that a certain damage occurs for a given level of seismic intensity I has 
been expressed according to the probability mass function of the binomial distribution: 
��� ∶  �� = 銚!長!(銚貸長)! ·  �長 ·  (1 − �)銚貸長  � ≥ 0      (3.3) 
In this work, the determination of fragility curves based on empirical data is not a main target. 
The urban scale approach has been used in order to gather the main information of the residential 
urban stock realized in the XX century by masonry structures, to understand the common 
characteristics of the buildings and to define some building type able to represent a large number 
of cases. The achievement of this part has been possible thank to the archive research made for 
the building and the collection of the data. The in-depth collected knowledge has been used to 
limit the epistemic analysis and to convey the efforts to supported data.   
 
3.3 THE ANALYSIS AT THE BUILDING LEVEL 
At the building level, the assumptions regard selected case studies indicated after the knowledge 
achieved through the research phases. A specific description of the case study within the 
investigated database is described in the next chapter. Herein, the theoretical frameworks beside 
the seismic vulnerability assessment at the building level is proposed.  
3.3.1 MODELING ASSUMPTIONS  
The seismic vulnerability assumption at the building level has been investigated by means of 
mechanical analysis. To this aim, a structural model of the buildings to perform the seismic 
analysis is needed. In this work an equivalent frame model has been adopted. Stimulated by the 
National code indications, the use of EFMs for the seismic assessment of masonry buildings is 
strongly recommended (CNR-DT212, 2013). EF methods are based on the assumptions that the 
behavior of masonry panels under seismic loads follow general principles. Their upside is related 
to the low computational demand given by an ad-hoc structural discretization. Other modeling 
assumptions, such as FEMs, present bigger difficulties in the definition of the several parameters 
that rule the nonlinear response. Furthermore, the definition of the structural macroelements and 
their stress assessment in terms of generic forces lead to additional problems that make the choice 
of FEM in the engineer practice unpreferable.  Concerning the EFM, this strategy considers only 
the in-plane action, while for the out-of-plane action other types of analysis are demanded.  
Starting from a masonry wall, the mesh is defined subdividing the structure between piers, 
spandrels and rigid nodes. This assumption is based on the evidences of the post-earthquake 
damages in masonry structures. Hence, the piers and the spandrels rule the nonlinear response of 
the materials. In literature, different works prove the reliability of such type of discretization 
(Marques and Lourenço 1998, Cattari et al. 2017, Siano et al. 2018; Aşıkoğlu et al. 2020) 





In this work, for the definition of the EFM the software Tremuri, developed by the University of 
Genova has been adopted (Lagomarsino et al. 2013; Penna et al. 2014). The Scientific version 
implemented in the commercial software 3Muri (Stadata) has been used to model the structures. 
The mesh discretization (piers, spandrel and rigid nodes) was obtained through the procedure 
described in Lagomarsino et al. (2013). Piers and spandrels are modeled as nonlinear beam 
characterized by 6 degrees-of-freedom (Figure 3.2).  
 
Figure 3.2. On the left: idealization of the equivalent frame model and its division into piers, spandrels and 
rigid nodes. On the right, the nonlinear beam describing the behavior of the masonry structures (From 
Lagomarsino et al. 2013). 
 The masonry is modelled as a nonlinear beam element with six degrees of freedom and a 
constitutive model with a resistance limit. A multilinear constitutive law based on a 
phenomenological approach and characterized by both, a monotonic and a cyclic response is 
assumed (Cattari and Lagomarsino 2013b). It considers a bilinear relation with a cut-off in 
strength and stiffness decay in the nonlinear phase (Figure 3.3). According to the Beam theory, 
the elastic branch is given by the initial stiffness, which is computed starting from a cracked 
configuration as recommended in the Italian codes; then, a secant stiffness representing the 
progressive degradation of the material is assumed. The constitutive law allows to describe the 
nonlinear response defining damage levels DLs that correspond to the strength degradations (βEi) 









equilibrium, while the software deletes automatically from the calculation the elements that reach 
their ultimate drift. Flexural rocking, shear sliding and diagonal-cracking represent the mentioned 
in-plane failures (Figure 3.4). 
 
Figure 3.4. In-plane failure criteria implemented in the software. From left to right: flexural rocking, shear 
sliding and diagonal-cracking (From Oliveira et al. 2016). 
Because of their boundary conditions, different criteria are implemented for piers and spandrels. 
Namely, while the piers are the elements that keeps the load from the structure to the ground, the 
spandrels may be considered as coupling beams between two wall elements if they are regularly 
bonded to the adjoining walls and connected both to the floor tie beam and to the lintel below. 
Depending on their condition, the system can be described as weak, intermediate and strong 
spandrel systems (Graziotti et al. 2012). In piers, the ultimate bending moment is based on a no-
traction material where a nonlinear reallocation of the stress is performed (rectangular stress-
block).  It follows the presented formula: 
�通 =  鎮鉄痛蹄轍態 岾1 − 蹄轍待.腿泰 尿峇 = 朝鎮態 岾1 − 朝朝祢峇          (3.4) 
Where l is the width of the masonry element, t the thickness, σ0 is the normal compressive stress, 
N the axial compressive action and fm is the compressive strength of the masonry. Since the global 
equilibrium has to be satisfied, when the moment is reduced to the ultimate bending moment, the 
shear is calculated as:  �沈 =  −�珍 =  暢日袋 暢乳朕            (3.5) 
For the shear, the Turnsek and Cacovic criterion is assumed. The ultimate shear is defined as:  
�通 = �� 怠.泰邸轍長 謬1 + 蹄轍怠.泰邸轍 = �� 捗禰長  謬1 + 蹄轍捗禰 =  �� 怠.泰邸轍長  謬1 + 朝怠.泰邸轍鎮痛      (3.6) 
Where τ0 is the is the equivalent shear strength of the masonry and ft is the tensile strength; their 
relationship is defined as ft=1.5 τ0. Finally, b is a corrective coefficient defined by the ratio of 
height and length of the masonry panel (b= h/l with 1≤ b ≤ 1.5).  
In the spandrels, since the axial compression is ineffective, the shear resistance is assumed as: 




V u, lintel = htfv0                                 (3.7) 
Where h is the height of the masonry wall, t the thickness and fv0 is the shear resistance in absence 
of compression. The corresponding maximum bending moment is given by: 
�通,鎮沈津痛勅鎮 =  朕張妊態  峙1 −  張妊待.腿泰 捗廿朕痛峩          (3.8) 
Where Hp is the minimum value between the tensile resistance of the interposed element in the 
lintel and 0.4 fhht, with fh represents the in-plane horizontal compression resistance.  
In this work, since the studied masonry buildings are characterized by the presence of RC slabs 
with ring beams, the coupling between the spandrels and the RC elements generates a strut-and-
tie mechanism, where the maximum compression value in the spandrels is assumed equal to the 
tension strength in the coupled elements. (Milosevic 2019.) 
Concerning the RC elements, they are modeled assuming elasto-perfectly plastic hinges 
concentrated at the end of the elements. Different failure mechanisms are considered, such as 
shear and compressive/tensile failures, brittle failures and combined axial/bending moment. 
Initially, the elastic branch is given by the stiffness contribution obtained only in terms of shear 
and flexural behavior, neglecting the reinforcements. The cracking reduction during the analysis 
is assumed as constant and determined by simplified factors (Cattari and Lagomarsino 2013b).  
The diaphragms are modeled as rigid membranes able to distribute the seismic actions in the 
perimetral nodes. Tremuri models the slabs as orthotropic membrane elements characterized by 
different Elastic Moduli E1,2 and the equivalent shear modulus G. The assumption of the RC 
membranes realized through RC joists topped by a reinforced slab allows to consider the 
diaphragms as rigid. The execution of an ambient vibration test performed over two case studies 
confirmed the reliability of the rigid slabs, as well as other publications presented in literature 
(Palermo et al. 2019, Michel et al. 2018b, Sivori et al. 2020). 
3.3.2 LIMIT STATES  
In this work, nonlinear static analyses (NLSA) have been chosen as assessment method. 
Conforming to the national and international codes (NTC2018, Eurocode8, FEMA 2005), the 
seismic forces are applied to the mass barycenter and incremented step by step monotonically. 
Two different load patterns, one proportional to the masses of the building and one to the inverse 
triangular pattern have been used, separately, according the two different examined directions.  
For each specific analysis, by plotting the node displacement of the upper level with the base 
shear of the masonry walls of the considered direction, the pushover curve is obtained. It defines 
a base-shear/displacement relationship able to describe the capacity of the structures. Depending 
on the mechanical properties of the materials involved and on the morphological shape of the 





structure, the pushover curve is usually characterized by a first linear branch with a positive slope, 
followed by a nonlinear phase. The plastic range of the curve can assume different shapes 
depending on the adopted constitutive materials in the nonlinear phase. Finally, on the pushover 
curve, the performance points highlighting the attainment of the different Damage Limit State 
DLs need to be found.  
The definition of the performance levels (PLs) is at the basis of the quantification of the average 
annual frequency of exceeding a specific threshold. The PLs start with a direct correlation 
between the observational Damage States. Namely, they are defined, starting from DL1, slight 
damage, DL2 moderate, DL3 heavy, DL4 very heavy, DL5 collapse. For each PL codes provide 
a related hazard level, which is expressed as the annual rate of exceedance λr = 1/Tr, where Tr if 
the Return Period of the earthquake for a specific site. Referring to the PBA, different approaches 
may be used. Some between them, presented in codes (ASCE/SEI 41–13, 2014) consider the 
attainment of the PL for the model achieved when the first structural element reaches the PL; 
nevertheless, this methodology may be too conservative, especially considering URM buildings, 
where the structure are able to dissipate the seismic energy through the plasticization of the 
elements. Lagomarsino and Cattari (2015a) contextually at the CNR-DT recommendations 
defined a heuristic approach based on a multiscale criterium. It considers three different scale of 
interest for the building, the global level (G), the macroelement level (M) and the element one 
(E). The attainment of each PL is achieved when for the minimum performance point on the 
pushover curve according to the three aforementioned criteria; the evolution of the nonlinear 
phase is verified in each scale (Lagomarsino et al. 2018). Finally, the PLs are defined over the 
pushover curve and expressed in terms of displacement of the control node. For each scale of 
interest, the definition of the PLs is defined (Table 3.3). 
Global scale. At the global scale the PLs are defined over the pushover curve. DL1 and DL2 are 
considered in the linear phase of the shear-displacement plotted curve, while the attainment of 
DL3 and DL4 are located in the descending branch. Referring to the maximum shear of the curve 
Vb, max, the definition of the thresholds kDLk has been calculated as (kG= Vb/Vb, max). The DLs has 
been selected as percentage of the maximum shear. The adopted values correspond to 0.65 and 
0.95 of the elastic branch for DL1 and DL2, and 0.85, 0.65 in the nonlinear phase for DL3 and 
DL4 respectively. 
Macroelement scale. Considering the macroelement scale, the inter-story drift of the masonry 
walls and the angular strain of the slabs are considered; in this work, since the slabs of the building 
are considered as rigid membranes, only the inter-story drift has been taken into account. The 
drift is estimated assessing both rotations and rotations of the nodes according to the CNR 
guidelines:  




� = 釘乳袋釘日態 + 通乳貸通日朕             (3.9) 
Where φi,j  are the rotation of the nodes located at the two levels (i and j), u the displacements of 
the same node and h is the height of the wall. Different values of the drift may be found in 
literature (Calvi, 1999); the values adopted in this research for the inter-story drift for each DL 
have been taken from Lagomarsino et al. (2018) and corresponding to 0.00075 for DL1, 0.00225 
for DL2, 0.00425 for DL3 and 0.00625 for DL4. 
Element Scale. For the element scale, the cumulative rate of panels that reach a certain DLi is 
considered. The original formulation both considers damage quantification in piers and  
spandrels; perhaps, the hierarchic role between them is taken into account, allowing a higher level 
of damage into the piers. As presented in Milosevic (2019) the presence of RC beams generates 
a coupling between them and the spandrels, so that a higher strength is presented in this type of 
elements. For this reason, the check at the element scale is adopted only for the piers. The 
cumulative rate of damage (ΛP, DLk ) represents the percentage of panels that reach a certain DLi, 
weighted on the resisting cross section Ap 
Λ牒,帖挑賃 =  ∑ 凋鍋張肉 磐 憧鍋憧呑薙日貸怠卑鍋 ∑ 凋鍋張 鍋        � = � + 1       (3.10)
 Λp is defined as the internal drift limit for the attainment of strength degradation given by the 
assumed constitutive laws. �捗 is the Heaviside function (equal to 0 until the demand δp in the 
piers does not reach the capacity ΛDLi, then it switches to 1). The value of Λp is defined as �椎 =0.04 + �牒(聴),帖挑賃,待 + 態朝鍋(猫) ; which has been calibrated by an extensive use of the multiscale 
approach to several buildings (Cattari and Lagomarsino, 2013a). The formulation considers the 
threshold the damage given by the gravity loads (Λp, Dlk) and the number of piers in the building 
Np. 
Table 3.3. Threshold values for the different scale of interest. 
Local              0.04 + Λ牒(聴),帖挑賃,待 +  2�牒(掴) 
Macroelement 0.00075 – 0.00225 – 0.00425 – 0.00625 
Global 0.65 – 0.95 / 0.85 – 0.65 
 
The attainment is finally given for: �帖挑賃 = min( �帳,帖挑賃; �暢,帖挑賃;  �弔,帖挑賃)        � = 1, … . . , 4     (3.11) 
Where E, M and G express the element, macroscale and global level of the assessment. In Figure 
3.5 the relationships between the different scales of the approach are shown. 






Fig. 3.5. The multiscale approach for the definition of PLs. (from Lagomarsino and Cattari, 2015a). 
3.3.3 INTENSITY MEASURE 
In order to define the Performance Levels able to attain a certain Damage Level, the Intensity 
Measure IM to express the PL is needed. Numerous IMs exist in literature (Douglas, 2014); 
namely, the choice of the optimal IM is not unique and varies with the target of the analysis (e.g. 
bridges, long-period structures, RC buildings). In this thesis, referring to the URM buildings, the 
peak ground acceleration PGA has been adopted. This assumption equals the choose of spectral 
acceleration for an infinitely-stiff structure (T=0s). Its reliability towards the investigated 
structures is justified since masonry buildings are characterized by short fundamental periods 
(Lagomarsino and Cattari, 2014). PGA is the most IM used to characterize the seismic hazard of 
a site; as IM, it certainly has the pros to be one of the most available parameters. However, this 
choice needs to be justified on the basis of the structural features related to the targeted structures, 
since several studies showed how the PGA could lead to poor correlations with the structural 
damage for other building typologies (Matsumura, 1992, Yakut and Yilmaz, 2008). Therefore, 
nowadays the IMs can be divided into two main categories, non-structure-specific IMs and 
structure-specific ones. This classification depends on whether they concern the natural hazard 
only or refer to the structural features of the buildings too (Kostinakis et al. 2018). In this field, 
the PGA proved its reliability for URM structures in different contexts (Erberik 2008, Lourenço 
et al. 2013, Cescatti et al. 2020).   
In this work the Capacity Spectrum Method CSM (Freeman, 1998) with over-damped spectrum 
has been adopted. The analysis is based on the comparison between the displacement capacity, 
defined by the pushover analysis, and the displacement demand, obtained by reduced 
acceleration-displacement response spectrum. Its adoption has been preferred to the N2 method 
(Fajfar, 1999) following the PERPETUATE guidelines and other contributions pointing out the 
reliability of the CSM procedure towards the N2 method (Marino et al. 2019). 




In order to express the PL of the pushover (PO) curve into PGA values comparable with the 
seismic demand, the conversion of the PO curve representative of the MDOF into the Capacity 
curve of the equivalent SDOF is expected. To this aim, as recommended by the codes, the 
participation factor Γ is adopted: Γ =  ∑ 陳日笛日∑ 陳日笛日鉄 = 陳∗∑ 陳日笛日鉄          (3.12) 
Where m* is the mass of the equivalent SDOF system, mi the mass of the i-th node of the model 
and ϕi is the referred normalized displacement. The capacity curve is given defining the base shear 
V* and the displacement d* of the equivalent SDOF system adopting V*=V/ Γ and d*=d/ Γ where 
V and d are the base shear and the displacement of the MDOF system, respectively. The capacity 
curve is finally plotted in terms of spectral coordinates through: 
Sa = V* / m*           (3.13) 
Sd = d*           (3.14) 
The CSM method consider the overdamped spectra, defined according to the damping correction 
factor η. This factor is expressed as the function of the equivalent viscous damping ξeq, which 
represents the sum of the elastic viscous and hysteretic contributions ξeq =  ξel + ξvisc. The elastic 
viscous damping has been considered equal to 5%. For the hysteretic damping, literature values 
may be used (Blandon and Priestley 2005, Sullivan and Calvi 2013); in this work, the hysteretic 
damping has been analytically calculated performing cyclic pushover analysis. The cyclic 
pushover analyses have been performed over the mean models considered in the probabilistic 
assessment. Two different distributions, according to the load patterns adopted in the NLSA have 
been accounted. The cyclic analyses have been made applying as maximum displacement of the 
load the one corresponding to the attainment of the DL considered. The hysteretic contribution 
has been assessed performing two full loading cycles: �朕沈鎚痛 =  帳匂態訂 (帳縄轍甜袋帳縄轍貼)          (3.15) 
Where Ed is the energy dissipated during the cycle and Es0 is the elastic energy produced for the 
two verses.  
Finally, the PLs can be defined in terms of PGA adopting the following formula: 
���帖挑 =  鳥呑薙∗聴匂迭(脹∗)挺(締呑薙日)         (3.16) 
Where d*DL is the spectral displacement for each Damage State, Sd1 is the spectral displacement 
calculated at the period T* and η is the hysteretic contribution function of the equivalent damping. 
T* and η are computed following: 





�帖挑沈∗ = 2� 謬聴匂聴尼               (3.17) 
η =  謬 怠待泰袋締鍋薙入          (3.18) 
 
3.3.4 DISPERSION  
The quantification of the sample’s dispersion is at the basis of the derivation of fragility curves. 
In this work, two sources of uncertainties have been assumed and considered as statistically 
independent: the uncertainties in the seismic demand βD and the seismic capacity βC. The final 
computation of the uncertainty of the model is given by:  
β痛墜痛,帖挑 =  謬β帖,帖挑態 + β寵,帖挑 態         (3.19) 
Essentially, the contributions of the dispersion are related to the LSs previously defined over the 
capacity of the building. It is worth noting that the contribution of the seismic demand presents 
the same dispersion for the different limit states, since it is correlated to the characteristics of the 
area. For the seismic hazard, the seismic demand has been considered for a referred Return Period 
considering the soil spectrum defined by the Italian code. In this work, a set of 30 accelerograms 
soil-compatible with the Florentine hazard has been assumed; the median spectrum has been then 
conditioned by the fundamental mode of the building models, computed by linear dynamic 
analysis. A more specific description has been presented in Chapter 5. The uncertainty in the 
spectral shape is given by calculating the median spectra of a sample of selected ground motions 
soil compatible with the referred area. The median spectrum represents the 50% fractile of the 
sample. The uncertainty is finally given considering the 16th and 84th fractile response spectra of 
the selected time histories.  �帖 =  log 牒弔凋呑,添填−log 牒弔凋呑,迭展態         (3.20) 
Concerning the Seismic Capacity, the uncertainty propagation has been assessed through the 
Response Surface Method (Pinto et al. 2004). The aleatory uncertainties have been considered 
through a simplified procedure defined as the star design with central star approach. Its adoption, 
useful in practice-oriented assessment, is characterized by the performance of 2N+1 analyses, 
where N represents the number of variables. The sensitivity of this approach has been recently 
studied and compared to a fully probabilistic one, showing off its reliability (Haddad et al. 2019). 
The RSM approximates the surface of log(imLS) in the hyperspace of the significant random 
variables. They are expressed by a hyper-plane whose coefficients are determined by a least 
square regression of a set of numerical experiments (Lagomarsino and Cattari, 2014). In a fully 




probabilistic approach, given N the number of random variables, a factorial combination where 
M=2N models are defined. Given the Matrix Z (M rows x N columns) the partial dispersion of the 
capacity is defined as the angular coefficient of the hyperplane of the normalized variables, 
expressed by: 
αi = (ZTZ)-1ZTY          (3.21) 
where Y is the vector that collects the values log(IMLS,i), i = 1,…,M. Z represents the matrix of 
the normalized values (M rows x N columns) composed by (-1 and +1 values  for the two fractile 
levels 16% and 84 %). Assuming the parameters as statistically independent, the dispersion is 
obtained by: �頂 =  √�脹�          (3.22) 
Describing the aleatory variables by their distribution through Xlow and Xup values through a star 
design approach, the regression is made in a two-dimensional plane. The extreme values are 
represented by -1 and +1 values and the Z matrix that collects the row vectors may be generalized 
to the case of 2xN sensitivity parametric design (Milosevic et al. 2019). 
 
3.3.5 DETERMINATION OF THE DAMAGE SCENARIOS  
 
After the definition of the described methodologies, the fragility curves can be derived according 
to (3.1). Fragility curves are obtained for both directions, considering two seismic load patterns, 
and the four LS previously defined. This is given for all the modeled logic tree branches, assumed 
as statistically independent. Then, the worst conditions are selected to express the fragility of the 
selected case. 
Once the fragility curves are derived, the damage state DS probability distribution can be 
obtained. These discrete probabilities have different formulations considering the k-th LS 
considered. For LSk 1,2,3 they are expressed by: 
�帖聴賃(��) =  �挑聴 賃(��) − �挑聴 賃袋(��) =  Ф 蕃log 日尿内謎薙縄 入庭薙縄 入 否 −  Ф 蕃log 日尿内謎薙縄 入甜迭庭薙縄 入甜迭 否    (3.23) 
Where the expression is fully described by (3.1) and the references made. Referring to the DS4, 
the definition of LS5 for its definition is a tough problem, related with the intrinsic assumptions 
of near-collapse for LS4 in the analytical formulations (Lagomarsino and Cattari 2014). In order 
to represent the DS by binomial probability distribution, they can be described according the 
following expressions: 





�帖聴泰(��) = 0.8 峙1 − 盤1 − 0.14 μ帖聴怠.替匪待.戴泰峩 �挑聴 替(��)                  (3.24) �帖聴 替(��) =  �挑聴 替(��) −  �帖聴泰(��)        (3.25) 
With  μ帖聴 =  ∑ �挑聴 賃替怠          (3.26) 
Finally, in order to complete the DS distribution, the probability of having a DS0 is described by: 
�帖聴待(��) =  1 − �挑聴 怠(��) =  1 −  Ф 蕃log 日尿内謎薙縄 迭庭薙縄 迭 否     (3.27) 
So, given a certain fragility curve, the discrete probability distributions can now be obtained. It is 
aimed to forecast damage scenarios and expected damage levels for different levels of the 
intensity measure. 
3.4 HYBRID SEISMIC VULNERABILITY ANALYSIS AT THE URBAN 
SCALE  
The results obtained by the analytical model aims to obtain simplified parameters able to describe 
the seismic behavior and the seismic performances of the building type. The development of rapid 
procedures in PBA is a target of several contributions aimed to be used in the engineer practice 
(Lagomarsino and Cattari 2013, Michel et al. 2018a, Hannewald et al. 2020). To this aim, the 
mechanical model, initially proposed by Cattari et al. (2004) and developed by different authors 
(Lagomarsino and Giovinazzi 2006, Lagomarsino and Cattari 2014) has been adopted. The 
procedure is based on a Displacement-based Vulnerability method (DVM) and it aims to represent 
the capacity of the structures through the adoption of few mechanical and geometrical parameters. 
The method was conceived to combine the results obtained through the empirical methodologies 
with the performance-based analysis and it targets a wide urban scale assessment through the 
definition of proper selected case-studies within the building classes. Selected a masonry building, 
the procedure aims to define, for each direction, a bilinear capacity curve representing the 
vulnerability of the structure. Fundamentally, the parameters needed in each direction are the 
equivalent period T*, the spectral acceleration Au and the ultimate displacement du. The 
methodology is based on the obtainment of a spectral displacement / spectral acceleration curve, 
accounting for the masses and the base shear involved in the performance. The capacity curve is 
expressed through a bi-linear idealization defined by a constant value of the spectral acceleration, 
a yielding and a ultimate point for the displacement.  
The first branch of the curve has a growing linear behavior, then, reached the yielding point at the 
maximum spectral acceleration, the curve continues through a horizontal plateau until the 
attainment of the ultimate displacement. The bi-linear idealization is proposed in the Italian 
seismic code and it is used together with the N2 method. Different idealizations of the capacity 




curve can be found, proposing softening branches able to simulate the decreasing capacity of the 
pushover curves (Vamvatsikos and Cornell 2006, FEMA 2009, De Luca et al. 2012). Despite the 
softening behavior of the constitutive model presented in section 3.3.1, in this thesis the bi-linear 
backbone has been considered for the implementation of the mechanical model. The performance 
points had to be reviewed on the basis of the threshold limit states defined in section 3.3.2. In fact, 
the bilinearization methods usually define the initial stiffness of the linear branch by imposing the 
passage from the 60% of the maximum base-shear; hence, they define the yielding point by an 
equivalence of the area under the capacity curve, considering the displacement until a strength 
decay of the 20%. In this work, the decay has been considered until the 35%, in order to follow 
the limit states defined in the previous section. Further studies could implement this aspect trying 
to define fitter idealizations. 
 
To describe the capacity curve, the spectral accelerations Au,x, and Au,y respectively, at the yielding 
and ultimate displacement are needed. Referring to the X direction: �通,諜 =  捗猫陳∗猫辻猫 �          (3.28) 
Where fx represents the base shear at the ground floor, g is the gravity acceleration (equal to 9.81 
m/s2), Γx and m*x are the participation factor and the equivalent mass of the equivalent SDOF 
system computed in (3.10). Referring to this last one, the mi represents the mass of the i-th level 
given by: �沈 =  �沈 + 0.5 ∑ ℎ沈 �沈  盤�掴,沈�掴,沈 + �槻,沈�槻,沈匪沈袋怠沈       (3.29) 
 
where qi represents the seismic floor load considering the deal loads and a fraction of the live 
loads, �沈 is the masonry specific weight at i-th level; hi is the inter-story height of the i-th level, 
ax,y,i represents the ratio between the resistant masonry area in the considered direction over the 
gross area, for each i-th, level, kx,y,i is the spandrels contribution factor defined as the ratio between 
the total volume of the wall over the volume of the piers. 
Referring to the X direction, the base shear at the ground floor is computed as: 
 �掴 =  �掴,怠�掴 ∏ �沈,掴替怠          (3.30) 
 
In this equation, the generalized formula considers the introduction of four coefficient k, 
depending on the structural characteristics of the building. Specifically, k1 deals with the masonry 
strength at the piers level, varying from 0.8 for the prevailing of a flexural behavior, to 1.5; k2 
considers the non-homogenous size of the masonry piers, k3 takes into account the irregularities 
involved in the shape of the building and the plan distribution; finally, k4 accounts for the 
effectiveness of the spandrels in global failure mechanisms of the building. Different values are 





proposed in Lagomarsino and Cattari (2014), accounting to weak-spandrels-strong-piers 
configurations (WSSP), strong-piers-weak-spandrels-distributions (SPWS) and equivalent frame 
intermediate ones (EF).  τx is the masonry shear strength of the wall, computed according to the 
Turnsek and Cacovic criterion: 
τ掴 =  τ沈,掴謬1 + 蹄猫怠.泰 中日,猫         (3.31) 
where σx represent the average vertical compressive stress at the middle height of the first level: σ掴 =  ∑ζ猫,日槌日袋∑ 廷日朕日 銚猫,日賃猫,日貸待.泰 廷迭朕迭 銚猫,迭賃猫,迭銚猫,迭        (3.32) 
and ζx,i represents the fraction component in the considered direction.  
The equivalent period of the structure is expressed by: 
�∗ = 2 � 謬 陳∗直 賃∗ = 2 � � 謬 ∑ 陳日笛日直 ∏ 賃日 ∑ 弔日朕日銚日展天        (3.33) 
where H is the total height of the building. The formulation accounts to the shear stiffness through 
the correlation with the Elastic Shear Modulus G and two correction factors, k5 and k6 
respectively. k5 has been introduced to consider the flexural contribution in the piers, while k6 
assesses the coupling effectiveness of the spandrels (Lagomarsino and Cattari 2013). The value 
of k* is given by: 
�∗ =  ∏ 賃日 ∑ 弔日朕日銚日天天 張鉄          (3.34) 
Finally, the ultimate displacement can be defined. Two different formulation are proposed, 
accounting for both WPSS-SPWS formulations. In the first case, a linear deformed collapse shape 
is assumed, so the Du,WSSP is given by: �通,調牒聴聴 =  Δ挑聴替 張Γ猫         (3.35) 
where ΔLS4 is the inter-story drift limit of the panel; its value it is assumed alternatively considering 
the shear (ΔS,LS4) and the flexural mode (ΔF,LS4), accounting on the characteristics of the building.  
In case of SPWS the ultimate displacement is expressed as: �通,聴牒調聴 =  Δ挑聴替ℎ沈 +  �槻 岾1 − Γ猫朝 峇        (3.36) 
N represents the number of floors of the structure, while the displacement at the yielding point is 
expressed as: 
�槻 =  �通 岾 脹態訂峇態           (3.37) 




Finally, a linear relation allows to consider different intermediate failure mode between the two 
extreme configurations: �通,帳庁 = ε掴 �通,調牒聴聴 + ( 1 −  ε掴 ) �通,聴牒調牒      (3.38) 
In this case, εx represents a coefficient ranging between 0 and 1 expressing the behavior of the 
structure.  
Adopting the mechanical method, the capacity curves of the investigated building can be defined 
through simplified parameters. Its use is suitable with the documentation provided by the archive 
research and the CAD reconstructions made. It is worth noting that the main difference between 
the DVM and the empirical methodologies is given by defining proper mechanical characteristics. 
To do this, not only the properties of the materials are involved but also a survey concerning the 





























































4. ANALYSIS AT THE URBAN LEVEL 
The procedure developed in the previous chapter has been applied to the city of Florence, 
namely to the URM buildings of the external areas. The first step of the work consisted in the 
collection of the data obtained from the archive research. To this aim, a GIS environment has 
been adopted. GIS software are useful tools for the wide collection of data and the 
superimposition of different layers of interest; in the last decades they have been adopted for 
the management of complex environment (Ferreira et al. 2014, Cavaleri et al. 2017, Catulo 
et al. 2018, Cardinali et al. 2020a). The GNDT second level methodology has been used to 
empirically define a preliminary vulnerability of the stock. Then, the building database has 
been divided into typological classes gathered for geometrical and architectonical features.  
4.1 BUILDING DATABASE AND TYPOLOGICAL CLASSES 
The identified buildings coming from the archive research were localized on the map of the 
City, hence, several information have been collected. To this aim, the open source software 
QGIS has been used. The urban database was taken from the Regional Technical Map (RTM), 
which provides the building shapes of all the constructions of the municipality. Within the 
geometry, also general information are given by RTMs. The building stock was divided 
between RC and masonry structures, however, this classification was not always corrected, 
so it had to be uploaded for the investigated structures. Furthermore, the total height of the 
structures, from the ground level to the roof, was listed. A new layer for the public houses 
has been made in order to collect the public housing intervention in Florence. Every building 
has been amply recorded, being identified with an ID number and spatially geo-referred. 
Passing from the archive research to the GIS environment, an assessment of the spatial 
distribution of the interventions has been possible. The buildings are spread in the different 
districts of Florence, showing the reliability of their assumption as representative of the URM 
buildings of the XX century (Figure 4.1). 
Quantitatively, the public housing interventions follow the development trends of the last 
century, when the city grew mainly along the north-west direction (Marcelli et al. 2006). 
From an urban point of view, several interventions are clustered in big planning allotments 
defining vast zones of several outskirts; this is the case of the Isolotto Area, the Rifredi area, 
the block intervention in via Baracca and many others (Figure 4.2). It is worth noting that 
these residential clusters followed the prevailing zoning ideas of the time, promoting an urban 
differentiation between the areas of a city, encouraging the realization of only-residential 
districts connected with different ones (Jacobs, 1961). In some other cases, the urban planning 
was approached through a more organic approach: this is the case of the Isolotto area, where 





the buildings were related between them through green spaces and pedestrian connection, 
with the realization of main commercial axis and hierarchical distributions (Astengo, 1951). 
 
Figure 4.1. In red, the spatial distribution of the public housing interventions collected. The blue line 
indicates the perimeter of the historical center of the city.  
Contextually to the collection of data in the GIS environment, the CAD planimetries of each 
project have been reproduced. Hence, the building planimetries have been linked to the GIS 
identification number. The database is characterized by more than 300 URM buildings, 
realized through 143 planimetries, i.e., several structures have been realized through the same 
building plan (Cardinali et al. 2019). 
The CAD reconstruction represented a time-consuming phase of the work; nevertheless, it 
brought to obtain the geometrical survey of a relevant number of structures without executing 
direct surveys and so limiting the operational cost at site scale. This assumption has been 
mostly possible dealing with modern architectures characterized by uniformed technologies, 
clear separation of duties and involvement of professionals (architects, engineers). The 
building typologies have been divided as a function of their structural shape. Looking at the 
apartment’s disposition, the localization of the stairs usually represents the distributive core 
of the houses. Namely, they serve two apartments per floor, one for each side in a symmetric 
way. The simplest case is represented by the simple-block case study. Herein, the structure 
presents a symmetric axis along the Y direction, passing from the stairs. From the single-
block different configurations can be obtained, combining linear and scattered aggregations. 
In Figure 4.3 a building classification of the database has been done. Considering the block-
type as the elementary cell, the addition of more elements leads to different classes, depending 
on the number of staircases. The elementary cell is called Block-building-typology (BT), then 
their aggregation takes the Roman number before the acronym, i.e. IIBT, IIIBT, IVBT. 




Moreover, other configurations have been found, named accounting for their planar shape. 
Specifically, they have called “LBT, CBT and TCB”, where the first Capital letter indicates 
the planimetry shape. Moreover, the terraced-house typology, THT, characterized by a linear 
aggregation of the same singular cell is shown. Finally, the XBT collects the buildings not 
included in the previous structures where an irregular structure is shown.   
  
 
Figure 4.2. On top: distribution of three interventions along via Baracca occurred after WWII. (from 
Tanganelli et al. 2018). Below: GIS screening in the Isolotto district. In green, the shapefiles of 






















Figure 4.3. Definition of the building classes of the database.  




After the typological classification, each building of the database has been investigated 
through the GNDT second level methodology. Of the over 300 buildings, not the total amount 
presented all the features to fill the method; complexly, 286 buildings have been investigated 
through this approach. For each building, a vulnerability index Iv has been obtained. At the 
database scale, the Iv ranges between 13% and 39%; it presents a mean value equal to 29% 
with a c.o.v. of 0.14. As described in Section 2.3, the database is quite homogeneous in its 
constructive features; this homogeneity has been pointed out by the GNDT sheets too. As 
shown in Figure 4.4, the buildings have most of the parameters in the same class. It is worth 
noting that the GNDT second level was conceived to evaluate the seismic vulnerability of 
entire urban stocks constituted by different building classes realized during several centuries. 
For this reason, the parameter classes have wide definitions complying with the empirical 
vocation of the sheet.  
Specifically, about the 11 parameters, the most sensitive to the database features are 
parameters #3, #6, #7, #8 and #9. Such parameters are described here below, while the results 
of the assessment are shown in Figure 4.4. 
Parameter #3, Conventional strength, is based on geometrical and mechanical data. It 
involves the resistant area of the masonry walls along the two direction, the gross area of the 
building, the number of storeys and mechanical properties of the materials combined with the 
effective loads. Since the mechanical properties have been chosen following normative 
guidelines and assuming their values constant between the different buildings, the variability 
of the parameter mostly depends by the geometrical features, such as the resistant area of the 
ground level, the height of the construction, the number of floors. Resistant area varies in a 
range from 8 to 22 % of the total area of buildings. It is usually not equi-distributed between 
X and Y directions depending on typological and architectonical features. 
Parameter #6, the Planimetric configuration, depends on the regularity of the building plan; 
the main characteristics of the index are resumed in the examination of the building classes 
done before. The irregular building branches are assessed through simplified formulation 
defining the scatter between the regular configuration and the additions.  
Parameter #7, Regularity in height, is one of the most variable parameters. It deals with the 
percentage decrease of resistant area along the height of the fabric. In the URM structures 
with RC slabs, the masonry thickness is usually constant along the inter-story height of the 
walls. Hence, the ring beams leads to a clear-cut interruption of the vertical continuity of the 
structures, given by the execution of a new wall over the slab level. In such category of 
buildings, the masonry setbacks are mostly given by the change of masonry typology along 
the vertical axis. In the database of buildings, there is some variability of results; as shown in 
Section 2.3, this is dependent from the height of bearing and the relationship into the bearing 





walls. Moreover, some differences between the side walls and the façades of the residential 
structures have been pointed out.  
Parameter #8, Maximum distance between the bearing walls, highlights the lack of 
homogenous distributions of the resistant walls along the gross area. The masonry structures 
characterized by the wall structures along both directions provide better scores; generally, the 
buildings with the prevailing of an unidirectional main direction are penalized. As widely 
described, the building of the database can be considered characterized by a box-behavior 
obtained through concrete ring beams and rigid slabs. However, when the distance between 
two consecutive bearing walls is excessive, undesirable torsional effects can occur. 
Finally, parameter #9 concerns the roof system of buildings through a quality assessment; 
most part of the considered buildings resulted to have the same classification. 
 
Figure 4.4. Parameters distributions inside the investigated buildings.  
Empirical vulnerability curves and damage scenarios have been then described according to 
(3.2) and (3.3). The main results of this empirical procedure may be found in Cardinali et al. 
(2019). The results obtained are quite optimistic. For an intensity level VIII the most expected 
damage is damage level 2 (DL2) with a 34% of probability and a 26% of probability for DL3. 
Nevertheless, the paper showed the limits of the procedure developed. First of all, as already 
specified, the GNDT method is probably not adequate to assess such an homogeneous 
category of buildings; secondly, the evaluation assumes empirical calibrations obtained for 
contexts different from the Florentine one. Moreover, the damage scenarios are obtained 
adopting the macroseismic intensity as Intensity Measure (IM). In the following chapters, the 
IM adopted for the Demand will be the Peak Ground Acceleration (PGA), which is directly 
obtained from the geological studies and can be compared with the Capacity obtained by the 
analytical models.  




4.2 THE SIMPLE-BLOCK MODEL 
Inside the gathered database, the simple block model has been selected as building typology 
for the in-depth studies. Several building plans have been found, as shown in Figure 4.5.  
 
Figure 4.5. Building planimetries for the block-case  
 
They can differ for several parameters; the most part of the building plans presents a stairwell 
disposed in a central position, nevertheless, the block-type collects also irregular 
configurations where the two served apartments may have different floor areas. Concerning the 
shape of this structures, they start from the simple rectangular configuration, then, some 
scattered volumes can be found, both in the central position, both along the wings of the 
structure. This leads to some irregularity along the Y direction, where the symmetry is not 





presented. For the extensions of the structures, the block-type collects from very compact 
buildings, with rectangular shapes closed to the squared ones, to structures where the ratio 
between the two main directions is over 1 to 2. This building typology is recurrent in many 
cities of the Italian and European context. In fact, it has been used both in linear aggregation 
along the streets, both in isolated shapes, depending on the main urbanistic ideas during the 
time of constructions.   
Concerning the structural disposition of the masonry walls, the buildings may have different 
configurations. In fact, besides the external structural bearing walls along the two directions, 
the internal walls may be disposed differently, depending on the design of the apartments. It is 
worth mentioning that in the middle part of the last century, the progresses in the 
conceptualization of structures, enriched by the creative uses of reinforced concrete, led to 
measure out the bearing walls in the buildings, supported by the analytical assumptions slowly 
tearing down the empirical fears. The URM structures of the time have been influenced by the 
frame idealizations of the RC structures in the disposition and the treatment of the bearing 
walls.  
 
Figure 4.6. Axonometric view of a typical URM XX century intervention in Florence.  
 
The most recurring configurations are with the internal resistant walls along the two main 
directions; then, irregular dispositions may be found. Concerning the structural elements of 
these buildings, despite the different possible situations, a main differentiation can be done 
between the façades and the side walls. It is given by the possibility of aggregation of this type 
of structure along the X direction. This leads to different characteristics of the bearing walls; 
the side walls are characterized by massive bearing walls with few openings. The façades are 




instead more divided between piers and spandrels. In Figure 4.6 an axonometric view of a 
typical URM XX century intervention is shown.  
In the shown building, the structural walls are mainly distributed along the Y direction, where 
a series of internal bearing wall follows the side wall orientation. The partitions occupy the 
remaining direction subdividing the internal space for the residential purposes. In this case 
study, the openings are regularly distributed and they follow the vertical alignment. Looking 
at the façades, the openings invest a low percentage of the total area of the masonry walls, 
generating piers larger than the spandrels and still following the empirical rules of regularity. 
The presence of the side walls with just a small opening per floor shows how the buildings 
were close to be aggregated with other adjacent structures.  In the following Chapter, a case 
study between the different block-case buildings have been chosen for in-depth analyses. 


































































5. ANALYTICAL ASSESSMENT OF THE CASE-STUDY 
Inside the building database, selected the block-case type for further analyses, a specific building 
should be finally selected as case study. Two different strategies could be used for such selection. 
The first one concerns the definition of a metamodel obtained combining the several information 
about the building class in order to achieve a representative benchmark that, despite it doesn’t 
exist inside the database, perfectly describes the building family. The second approach regards 
the assumption of a real case-study inside the database on the basis of the most recurrent features 
of the investigated buildings. In this thesis, the second approach has been adopted. The selected 
case-study (Fig. 5.1) is a real case-study building located in the Novoli district, in the western part 
of the city. 
 
 
Figure 5.1. The selected case-study; building drawings and photos from the exterior. 
 
The building is part of a parceling plan realized during the 50’s. In the area where the building is 
settled, 18 different constructions were realized adopting 11 different planimetries (Tanganelli et 
al. 2018).  Referring to the building plan shown in Figure 5.1, it led the realization of two distinct 
constructions. The house is a block-case building, constituted by four levels plus the basement 
level generating the ventilation floor. The construction has been selected on the basis of several 
features. First of all, its geometrical planar shape is perfectly inscribed into a rectangular, without 
external appendices excluding the terraces. Secondly, its ratio between the two geometrical sides, 
X and Y, is really close to the mean value of the ratio between the two geometrical sides of the 
total building database. The Vulnerability Index coming from the GNDT second level approach 





was of 0.278, close to the mean value of the entire database of 0.29. Coherently with the majority 
of the investigated structures, the bearing walls present a decreasing of their thickness along the 
building height. Looking at the plan, the resistant wall disposition tends to highlight the 
characteristics pointed out in the previous section, showing a clear distinction between the façades 
and the side walls. In the internal part, the walls oriented in the Y direction are mostly solid walls 
with few openings. Since the walls and the slabs are orientated along both directions, the internal 
bearing wall’s disposition can be also partially considered as a mixed one. Due to this, the case 
study represents a reliable benchmark characterized by the proper requested features without 
exasperated properties that bring to particular results. As a last reason of this choice, the building 
is characterized by four levels, which is still one of the most recurrent characteristics of the stock. 
In Figure 5.2 the numerousness of the buildings for their number of floors is presented. Despite 
the buildings presenting only 3 floors are a little bit more than the ones characterized by 4 storeys, 
the latter are considered more vulnerable and so they have been selected for the analytical 
analysis.  
 
Figure 5.2. The numerousness of the buildings for each number of floors category.  
 
Looking at the building plan, two symmetric apartments are served from the stairwell. The houses 
are mainly divided between the living area and the bedrooms space. The first one is faced to the 
entrance of the building and the main façade, while the bedroom area insists over the backfront 
of the structure. The entrance leads to a corridor, core of the house. From there, it is possible to 
access to the dining room (equipped with a kitchenette) and the living room. Both rooms are faced 
to a private loggia, given by the withdraw of a bearing wall from the external perimeter. The 
bedroom area is separated by the horizontal bearing wall that subdivide the internal space; here, 
two bedrooms and a restroom are located. Considering the plan, the building masses are 
symmetrical distributed. They present a symmetric axis along the Y direction, while a few 
differences occur in the X direction. Specifically, the stiffness barycenter of the structure is 
aligned along the X direction with the geometric one; in Y direction, a deviation of its position is 
given by a value of 4.9 %.  




5.1 STRUCTURAL MODELING  
Before the development of the probabilistic description at the building level, some preliminary 
and general considerations have been made. A first tridimensional structural model was realized 
in order to assess the main characteristics of the building in terms of gravity loads. During the 
procedure presented in the following sections, different structural models have been realized in 
order to take into account the lack of knowledges presented. In this section, a first EF 
discretization has been made. The structural model was obtained through the 3Muri (STA DATA, 
2015). Namely, the software approach concerns the definition of the structural axis of the walls 
given by the mean alignments of the panels. Then, the elevation of each level is treated one by 
one, defining the wall thicknesses and the masonry characteristics. Coherently with the 
description of the real building, the connection between bearing walls and horizontal membranes 
is guaranteed by RC ring beams. The effectiveness of the RC beams over the masonry walls was 
considered assuming a full length of the coupling elements. The slabs structures have been 
modelled as rigid membranes; hence, the different live and dead loads were accounted. In this 
work, roof structures have been considered as masses over the bearing walls coherently with 
different other EF modeling. The stairs of the building too have been computed as linear 
distributed loads over the competence walls. During the nonlinear static analyses (not presented 
in this section), the elastic moduli of the masonry typologies have been computed the 50% 
reduced according to the MIT2019 indications.  
The results of the vertical static analysis conducted with the gravity load over this first model are 
presented. In terms of slenderness, the bearing walls of the structures does not have critical issues. 
Nevertheless, the results of the gravity load according to the Italian codes (NTC2018) show static 
problems at the lowest levels of the structure. This is a common trend in all the bearing walls, and 
it is related with the high demands on the contemporary codes applied to building that were not 
conceived with the same formulations. In Figure 5.3 the results of the normal stress over the area 
of the bearing wall at the ground level are plotted.  
   
Figure 5.3. N/A stress at the ground level of the building for the static analysis.  






The stress variation in the different piers is mainly given by their dimensions and their different 
thickness values. The slab orientations, despite the perimetral ring beam, affects the stress 
distribution. The most critical point is found in proximity of the loggias, where the bearing walls 
of the latter weigh on small piers in the orthogonal direction. The normal stress in the piers ranges 
between the 2 daN/cm2 up to the 8.25 daN/cm2. 
This preliminary study was conducted adopting the commercial 3Muri version developed by Sta 
Data (STA DATA 2015). Successively, the following phases of the thesis were performed 
adopting Tremuri (Lagomarsino et al. 2013; Penna et al. 2014), which represents the research 
version of the software developed by the University of Genova. The geometrical and mechanical 
characteristics of the case studies were uploaded to the research software by an exporting 
procedure. Before the performance of the nonlinear static analyses through Tremuri, the multi-
piecewise constitutive laws presented in Section 3.2.2.1 were implemented in the .txt scripts.  
The selected building has been investigated by means of nonlinear static analysis performed over 
different EF models. The seismic demand has been defined coherently with the Florentine soil 
conditions. Hence, the seismic capacity of the structure has been investigated both considering 
aleatory and epistemic uncertainties.  
 
5.2 EPISTEMIC UNCERTAINTIES AND LOGIC TREE APPROACH 
The case-study has been finally investigated through the nonlinear static procedure described in 
Section 3.3. The building was chosen on the basis of its geometrical and structural features, which 
they represent the most recurrent ones of the database. Despite the defined geometric issues of 
the case-study, some uncertainty was still involved, especially regarding the material 
characteristics of the bearing walls at the different levels. These lacks of knowledge were 
modelled through a logic tree approach. In order to assess the sensitivity of the different logic 
branches, different EF models have been obtained. The preliminary pushover analyses have been 
conducted through Tremuri considering the pushover curves in terms of linear stiffness, base 
shear and displacement comparisons. The models were set accounting to the mechanical materials 
presented in Section 2.4 and assuming the mean values of the several properties.  
Considering the evidences of the investigation phase of this thesis, different alternatives could be 
found. The first evident differentiation is obtained distinguishing the models according to the 
eventual presence of lintels over the openings. The latter deals with the structural behavior of the 
structures. The presence of RC elements over the openings defines a clearer shear-type model, 
where the spandrels couple the piers between them. Looking at the building plan, the presence (or 




not) of lintels is expected to be more sensitive in the X direction, where more openings are 
presented. The distinction between the models with lintels and the models without lintels is 
described by the first letter of the acronym given to each model, Y for yes lintels, N for no lintels, 
respectively. Above this first categorization of the logic tree, two other different classes have been 
gathered. 
Concerning the resistant wall typologies, different hypothetical configurations have been 
examined. They are based on the information given by the archive research dealing with structures 
characterized by a thickness decreasing along the height and their hierarchical masonry 
dispositions. Namely, some specific order between the masonry typologies was conceived; four 
different thicknesses of the masonry walls, based on the drawing of the structure, have been 
assigned. Specifically, the bearing walls are characterized by 45 cm thickness at the ground level, 
38 cm at the first level and 25 cm at the upper floors. Considering the possible typologies that 
could be realized such structures, the materials presented in Section 2.4 have been adopted. 
Specifically, Rubble stone masonry (RS), Clay brick masonry (CB) and Clay blocks with vacuum 
range 45-65% (HB), have been considered for the bearing structures. Quasi full bricks with 
cement mortar has been adopted for the partition walls (QB). Hence, different combinations have 
been studied; six different models for each logic tree have been then considered (Figure 5.4). The 
order of the three masonry typologies over the four different levels of the models was given 
considering the thickness and the specific weights of each type. The RS masonry was accounted 
at the ground level and at the first floor. The CB masonry was proposed both at the first, the 
second and the third floor. Finally, the HB masonry was considered at the last two levels. 
Assuming that the HB masonry was always utilized over the CB masonry and never under it, six 
different models have been obtained. The procedure of the logic tree is shown in Figure 5.5.  
In the following parts, the acronym of the building cases will be represented adopting the masonry 
typology abbreviations starting from the ground up to the last floor (Ground Level/First 
Floor/Second Floors/Third Floor). The models have been firstly grouped considering the 
differentiation proposed at the first level, where RS or CB masonry was proposed (RS/RS/../.. and 
RS/CB/../.. ). In fact, the results of the PO curves showed that the variability of the second floor 
represented the core of the response variations. Then, considering the variability of the other 
floors, the three different models analyzed for the upper levels ( ../../CB/CB; ../../CB/HB;  
../../HB/HB; ). The pushover responses showed a low sensitivity of these different assumptions to 
the seismic performance of the structural models, so the logic tree has been simplified considering 
just one model representative of the three different configurations. RS/RS/CB/HB and 
RS/CB/CB/HB, for both configurations, Y and N, respectively, have been adopted.  
A final uncertainty was given by the ceiling characteristics. As described in Section 2.3, the 
ceilings are fitted out with an external ring beam avoiding the out-of-plane failure mechanisms of 





the last floor. Furthermore, they have been collected considering only one representative model 
of the different configurations. As mentioned, the slabs at each level are characterized by rigid 
membranes given by RC joists topped by a reinforced slab. Only the ceiling of the last floor may 
be done through different techniques. In this context, two different configurations for the last floor 
have been considered; one adopting a rigid and heavy slab (RH) and the other assuming a light 
and deformable membrane (LD). The PO analyses have been performed along the two directions, 
assuming two different load patterns. For the selection of the control node, a central node was 
assumed, then, the PO curve was plotted considering a mean displacement of the most up level 
of the structure. The results in terms of global response showed the low sensitivity of the PO for 
the considered aspect. Of course, in-depth studies concerning the ceiling failure in case of the 
light and deformable cases and the specific role of the vertical/horizontal connection should be 
carried out.  In this work, based on the aforementioned reasons, only one model was adopted.  
Finally, four different branches have been selected and four structural models have been assumed 
as representative of the possible obtainable structural configurations of the case-study. Then, each 
model has been studied independently from the other configurations, performing nonlinear static 
analyses and studying the aleatory uncertainties presented.  
         RS/CB/CB/CB        RS/CB/CB/HB           RS/CB/HB/HB 
   
         RS/RS/CB/CB          RS/RS/CB/HB              RS/RS/HB/HB 
   
       RS  CB     HB         QB 
Figure 5.4. The structural models considered in the logic tree approach, for both the main divisions, 
yes lintels (Y) and no lintels (N) over the openings.  





Figure 5.5. The logic tree approach used in this thesis. 
 
Evidences from the pushover analysis. In order to assess the influence of the different logic tree 
branches, nonlinear static analyses have been performed. In this section, the main results of the 
procedure are pointed out. Successively, the same assessment has been done for all the aleatory 
variables considered, over the four different structural models. The results in terms of pushover 
curves are shown in Figure 5.6. The different colors indicate the performance of the different 
models. The PO plotted curves assume the displacement d normalized to the total height h of the 
model in abscissa (d/h), while in ordinate it plots the base shear V normalized over the total weight 
of the building, W (V/W).  
 
 











Figure 5.6. PO curves of the No-lintels and Yes-lintels models according to the two directions and the 
two load patterns. 
For each direction, the PO curves separately show the capacity of the models according to the two 
considered load patterns, the mass proportional and the inverse triangular, respectively. The sense 
of the analysis is distinct by positive and negative contributions.  
Comparing the four models, the lintels contribution in the coupling role between the different 
piers can be noted, mostly in X direction, where several openings characterize the bearing walls. 
In fact, in this direction, the models without lintels present a lower elastic stiffness and a more 
pronounced ductility. Despite the differences in the PO curves between the N and Y models, some 
common features can be observed. In all the four models, the two load patterns highlight the same 
different structural behaviors. The mass proportional ones always present a higher stiffness slope 
and generally, a higher maximum value of the base shear too. On the contrary, the inverse 




triangular pattern shows a lower stiffness and lower maximum base shear values, but it allows a 
major contribution in the plastic phase, leading to wider plasticization of the elements before the 
collapse. This can be mostly asserted by looking at the damage patterns and the failure 
mechanisms of the structural models.  
 
Figure 5.7. Planar deformed shape of the structural model with a mass proportional pattern for the two 
considered directions. On the left, X direction, on the right, X direction.  
In the X direction, the model tends to exhibit a more plasticity rather than in Y direction. During 
the first phases of the analyses, in the X direction, the façades present a diffuse shear cracking in 
the spandrels, passing from DL1 to DL2. This phase involves the different levels of the structure, 
but generally avoid the spandrels located at the last floor. The piers generally reach a lower DL, 
highlighting a shear failure at the ground floor and a flexural one at the upper levels. Hence, the 
spandrels continue their damage progressing, reaching the DL3 for several panels disposed at the 
ground and the first floor. The quantity of them is related to the accounted model between the 
four logic tree branches considered, but also to the load pattern distribution. In fact, the shear 
failure of the masonry piers of the ground floor represents, for each seismic distribution, the 
failure mode of the structural models; the inverse triangular pattern allows a more distribute 
damage along the façades, stressing differently the lower and the upper part. For this reason, when 
the piers crisis is exhibited, almost the total of the spandrels reached the DL3. For the structural 
configuration of the case study, the inverse proportional pattern leads to lower base shear values, 
nonetheless it points out a bigger nonlinear ductility. On the other side, the mass proportional 
pattern seems to be more demanding in the plastic phase, quickly increasing a damage degradation 
in the piers of the ground floor. The piers at the other levels they usually point out flexural failures 
and doesn’t exceed the DL2. Complexly, all the models exhibit the same failure patterns, i.e. the 
shear failure of piers at the ground level, with both seismic distributions. Only the model 
Y_RS_RS_CB_HB, with an inverse triangular pattern points out the shear crisis at the first level. 
This is due to the combination of the seismic pattern, the coupling effect of the spandrels and the 
mechanical properties of the RS masonry for the considered level. The deformation of the plan of 
the models generally shows a rigid translational behavior of the structure along the direction, 





without highlighting torsional phenomena (Figure 5.7). The presence of spandrels over the 
openings define a more evident coupling between the piers, which anticipate their crisis because 
of the shear actions.  
 








Figure 5.8. On the right; Capacity comparison between the total PO curve and the resistant walls in X 
direction, for the mass proportional pattern. On the left, damage patterns of the walls.   
In Figure 5.8 the results in terms of capacity of the single masonry walls is shown. The PO curve 
and the damage patterns are referred to the N_RS_CB_CB_HB model. The geometry of the 
elevation walls combined with the relationship between the openings and the resistant masses rule 
the performance of the macroelement under seismic excitations. It is worth noting that Wall #5, 
since it is characterized by full massive walls, exhibit a higher capacity, carrying a higher base 
shear. For the same reason, Wall #4, which represents the main façades of the building, contribute 
in a minor way to the capacity of the building. As shown in the damage pattern of the masonry 
walls, the spandrels receive most part of the damage, then, the failure of the ground level occurs.  




In Y direction, the PO curves denounce an evident brittle behavior, exhibiting a low nonlinear 
capacity. In Figure 5.9, the capacity of the global model is compared with the one of the singles 
walls along the X direction. For sake of brevity, only a PO curve for the N_RS_CB_CB_HB 
according to the mass proportional load pattern is presented. As expected, Wall #1 highlights a 
base shear over twice the maximum values obtained in the other macroelements. Other interest 
aspects are related are the capacities of Wall #6, 10 and 11.  
Figure 5.9. Capacity comparison between the total PO curve and the resistant walls in Y direction, for 
the mass proportional pattern. 
The two last bearing walls, despite their massive proportions are not able to exhibit some higher 
capacity, since all the resistance is only demanded at the ventilation level. This is clear from the 
damage patterns of the model, presented in Figure 5.10. Herein, some difference involving the 
four models is presented. Nevertheless, the crack pattern shows that in case of a mass proportional 
pattern, the collapse of the models is given for a shear failure at the ventilation floor level. The 
damage is fairly limited to the upper structures and concentrated at the lowest level. Concerning 
the inverse triangular pattern, it leads to two different crises. For the two models without lintels 
over the opening, as already described for the X direction, the inverse triangular pattern, thanks 
to its distribution stresses differently the resistant walls, delaying the shear failure. This time, the 
collapse is given by a shear failure of the ground level; the masonry panels present a higher 
damage diffused along the height. On the other hand, in both models with lintels, the PO curves 
with the inverse triangular load are characterized by a flexural failure of the last level.  
The different behavior of the models towards the load patterns along the two main directions can 
be justified by the different distribution – firstly – of the resistant walls -and secondly – by their 
masonry discretization. In Y direction, the predominant behavior of the structure can be associated 
with a frame-behavior, while in X direction the façades tend the structure to the perfect 
idealization of the frame structure. In the case of inverse triangular pattern, the lintels at the lower 
levels, exploit their plastic capacity during their coupling action, limiting the action transmitted 
to the piers. This last phenomenon, combined with the frame behavior of the walls in this 
direction, prevent the failure of the lower levels, so that the collapse of the structure deals with 





the flexural failure of the last floor. The presence of lintels does not point out the same behavior 
in X direction, because of the different configuration of the masonry walls.   
No lintels models N Models with lintels Y 
Mass Prop. Inv Triang. Mass Prop. Inv Triang. 
   
 
Wall #1 Wall #1 
    
Wall #6 Wall #6 
    
Wall #10 Wall #10 
    
Wall #11 Wall #11 
 
Figure 5.10. Damage patterns of the resistant walls in Y direction for the four considered models, for 
the two different seismic load patterns.  




5.3 DEFINITION OF SEISMIC DEMAND 
In this section, the seismic demand adopted for the risk analysis, was defined. The identification 
of the seismic hazard was essential for the adoption of the CSM and the comparison of the PLs 
(capacity) with the occurrence of a certain seismic intensity (demand).  
The Florence basin has been developing since late Pliocene. The geological evolution led to the 
filling of the basin by plio-pleistocene palustrine and alluvial deposits, followed by two 
sedimentary cycles related to the paleo-Arno river and the holocene geomorphic evolution, 
respectively (Coli et al. 2015, Coli and Rubellini 2013). In Figure 5.11 the geological section of 
the Florence is shown. 
 
Figure 5.11. Geological section of the Florentine area (From Coli & Rubellini, 2015). B bedrock, P 
Plio-Pleistocene palustrine and alluvial deposits, A recent alluvial deposits of the Arno River and its 
tributaries, Aa ancient channel deposits of the palaeo-Arno River. Red line, faults.  
 
The area is characterized by a moderate telluric activity; historical earthquakes estimated at 5 ML 
and their epicenters were located around Florence (Mugello 1542 and 1919, Impruneta 1456 and 
1895, Valdarno 1770). Historical seismology is the main information to define the hazard of a 
place. Historical records show that the most severe earthquakes occurred in 09/28/1453 and 
05/18/1895, both estimated at VII-VIII MCS level (Molin & Paciello, 1999, Rovida et al. 2016). 
In the past years, the soil of Florence has been checked through an extensive experimental 
investigation, which was based on the results of almost 2000 drillings, enhanced by 52 downhole 
proofs. For each test the maximum peak of the transfer function has been found, which has been 
combined with information provided by the downhole proofs about the stratigraphy of the area. 
More recently, these detailed studies underpin the seismic micro-zonation developed from the 
2019. In the presented thesis these last works of micro-zoning developed by the Earth’s Science 
Department had not been considered, since they were not finished in time to support the analytical 
part of this work. 
The seismic demand has been defined accounting on the soil conditions and the hazard of the 
referred area. According to the CNR recommendations, a sample of 30 accelerograms compatible 
with the selected spectrum has been considered. In this work the data obtained by the Italian 
databases of INGV have been used. The selection of the compatible records was conducted using 
the software Rexel (Iervolino et al. 2009) through the Rexel light version. The database adopted 
for the ground motion research has been the European strong motion database 





(http://esm.mi.ingv.it) promoted by the Working Group ESM (ESM working group, 2015). 
Complexly, a set of 30 accelerograms compatible with the area of interest have been selected. 
The spectra have been considered by the geometrical mean between the two planar directions. 
Following, they have been scaled over the fundamental period of the structures computed through 
linear modal analysis of the structural models. In this work, as presented in the previous section, 
four different structural models have been considered, which they provide four different 
fundamental models, one for each direction. In Table 5.1 the main fundamental modes of each 
structural model for each seismic direction are shown.  
 
Figure 5.12. Set of accelerograms compatible with the soil of Florence for the definition of the Seismic 
Demand conditioned for the 0.335 s.   
 
Table 5.1. Fundamental period of the different structural models assessed in this work. 
 Fundamental period T1 [s] 
 x y 
N/RS/CB/CB/HB 0.312 0.322 
N/RS/RS/CB/HB 0.327 0.335 
Y/RS/CB/CB/HB 0.297 0.313 
Y/RS/RS/CB/HB 0.312 0.327 
 
In the presented work, the seismic action has been considered as the demand of the performance-
based methodology adopted. Considering the seismic spectra of Florence, in this thesis a return 
period of 475 years and a soil class B are taken into account. This specific soil class has been 




assumed as the most reliable of Florence considering the last hazard maps and the soil 
stratigraphy’s maps before the new micro-zoning studies. Of course, these assumptions could be 
improved in further studies, accounting for the new insights about the Florentine subsoils. The 
selected records extracted by Rexel have been scaled over the fundamental period of the structures 
shown in Table 5.1. In Figure 5.12 the sample of 30 accelerogram spectrum compatible with the 
Florence area are presented.  
5.4 ALEATORY UNCERTAINTIES AND SENSITIVITY ANALYSIS  
The aleatory uncertainties have been considered on the basis of the procedure descripted in 
Chapter 3. They have been assessed for each branch of the logic tree separately. The epistemic 
uncertainties were assessed on the mean models, characterized by the mean characteristics of 
mechanical properties and constitutive models. Hence, for each of the four models previously 
described, 7 aleatory uncertainties have been considered. To this aim, the star design with a central 
point approach has been adopted. Assuming the 2N+1 analyses, with N is the number of aleatory 
uncertainties, 15 different models have been studied for each logic tree branch. Complexly, 60 
different models have been assessed by means of nonlinear static analysis. The aleatory variables 
considered in this thesis are presented in Table 5.2. The first three variables, X1,2,3 concern the 
mechanical properties of the resistant walls. Each parameter is referred to one of the three 
masonry typologies explained in the logic tree model. The different mechanical properties of each 
material are considered as dependent parameters, so they varied together. The fourth variable, X4, 
is represented by the uncertainties in the concrete. For its value, as presented in Section 2.4, the 
mechanical property of the cubic compressive strength Rc has been deterministically assumed by 
the evidences of experimental researches made in Tuscany. It has been used in order to model the 
ring beams and the lintels over the openings. For the steel bars, a deterministic value has been 
adopted, without performing any sensitivity. In fact, in the presented thesis, the RC elements have 
been considered by their mechanical properties; in different works (Haddad et al. 2019, Milosevic 
et al. 2019a), the sensitivity of these latter was assumed considering the stiffness of the 
membranes. In this work, the assumptions made were firstly supported by the knowledge of the 
building case studies. Despite the mechanical property variations, the rigid contribution of the 
slabs was not questioned.  
As described in the CNR-212 DT, the aleatory variables of the mechanical properties of the 
materials are described through lognormal distributions. Concerning the concrete, the have been 
instead defined deterministically. Regarding the last three parameters, X5,6,7 they are related to the 
properties of the nonlinear constitutive law adopted in the modeling. X5 rules the degradation of 
the initial stiffness assumed for the masonry panels. Finally, X6 and X7 collect parameters that 
affect the plastic phase and the nonlinear degradation. The values of  θp indicate the drift values 
associated to the progressing damage, for different failures, for combined compressive and 





bending stress or for shear, respectively; the β values indicate the associated residual strength. 
Their mean values are shown in Table 5.2. Different values are considered for the piers and for 
the spandrels respectively. For these parameters, since the distribution ranges in a finite interval, 
the Beta distribution has been adopted (CNR-DT212, 2013). 
Table 5.2. Aleatory variables introduced in this work.  
  Aleatory uncertainties   min mean max 
 
X1 RS 
E (MPa) 1054.9 1263.7 1472.4 
Lognormal distrib G (MPa) 351.6 421.2 490.8 fm (MPa) 0.916 1.27 1.623 
τ0 (MPa) 0.026 0.033 0.040 
X2 CB 
E (MPa) 2284.9 2625.1 2965.3 
Lognormal distrib G (MPa) 761.6 875.0 988.4 fm (MPa) 1.97 2.66 3.36 
τ0 (MPa) 0.049 0.082 0.114 
X3 HB 
E (MPa) 1200 1400 1600 
Lognormal distrib G (MPa) 300 350 400 fm (MPa) 1.50 1.75 2.00 
τ0 (MPa) 0.095 0.11 0.125 
      X4 concrete Rcmean (MPa) 13.25 21.18 30.92 Deterministic 
X5 kr  0.5 0.65 0.8 Beta distrib kel  1.25 1.50 1.75 
X6 drift piers 
θP,PF3 0.0046 0.006 0.0074 
Beta distrib 
θP,PF4 0.0078 0.01 0.0122 
θP,PF5 0.012 0.015 0.01796 
βPF,E3  1.00  
βPF,E4 0.8 0.85 0.9 
θP,S3 0.0023 0.003 0.0037 
θP,S4 0.0039 0.005 0.0061 
θP,S5 0.012 0.015 0.01796 
βS,E3 0.6 0.7 0.8 
βS,E4 0.25 0.4 0.55 
X7 drift spandrels 
θS,3   0.0015 0.002 0.0025 
Beta distrib 
θS,4 0.0045 0.006 0.0075 
θS,5 0.015 0.020 0.025 
βPF,E3 0.3 0.500 0.7 
βPF,E4 0.3 0.500 0.7 
 
The different PO results have been firstly discussed in terms of capacity curves, then in terms of 
intensity measure values for the limit state attainments. To this aim, the definition of the LSs was 
needed. In the procedure the multi-scale criterium presented in Section 3.3.2 has been used. The 
different LSs were plotted on the PO curves accounting for the first attainment of the threshold 
value according to checks done at the element scale (E), the macroelement scale (M) and the 
global building level (G). The results provided different results, nevertheless, in general it is 
possible to point out a main prevalence of the G criterium for the attainment of the LSs. Especially 
for the last performance points, the E criterium has been rarely the first one. This can be mostly 
justified by the story failure of the buildings which characterize a limited number of elements. On 
the other side, especially for the yes-lintel models, the drift computations have been the ones 




attaining before the LS thresholds, especially in Y direction. In Figure 5.13 some example of the 




Figure 5.13. On top: normalized cumulative damage and drift distribution. Below: the multi-scale 
approach. 
 
5.4.1 DEFINITION OF THE EQUIVALENT VISCOUS DAMPING  
The cyclic pushover analyses have been performed for the PLs previously defined. Their target 
was the definition of proper hysteretic damping values ξvisc for the computation of the equivalent 
viscous damping ξeq. Namely, it deals with the hysteretic capacity of the models during the seismic 
excitation. In this work, cyclic pushover analyses have been performed along the two directions 
accounting for both senses of the analysis (positive and negative contributions), for each different 
LS. The analyses were performed in displacement-control, where the displacement of the n-th LS 
defined by means of nonlinear static analysis has been assigned as the maximum displacement of 
the cyclic pushover one. In Figure 5.14 the cyclic PO analysis graphs for the N/RS/CB/CB/HB 
model, inverse triangular load pattern and Y direction are plotted; all the graphical results for the 
cyclic pushover curves are shown in the Appendix. The results are finally provided in terms of 
elastic viscous damping for the different LS (Table 5.3).  






Table 5.3. Viscous damping for the different considered models.  
DL1   X Direction Y Direction 
    MP + MP - IT + IT - MP + MP - IT + IT - 
N 
RS CB 0.071 0.067 0.072 0.069 0.061 0.058 0.062 0.059 
RS RS 0.079 0.075 0.078 0.076 0.057 0.059 0.060 0.062 
Y 
RS CB 0.071 0.072 0.085 0.085 0.059 0.061 0.064 0.066 
RS RS 0.060 0.060 0.062 0.052 0.055 0.059 0.062 0.063 
DL2   X Direction Y Direction 
    MP + MP - IT + IT - MP + MP - IT + IT - 
N 
RS CB 0.120 0.100 0.114 0.099 0.066 0.069 0.074 0.109 
RS RS 0.121 0.122 0.134 0.129 0.068 0.073 0.082 0.104 
Y 
RS CB 0.110 0.110 0.132 0.132 0.072 0.076 0.084 0.086 
RS RS 0.082 0.103 0.113 0.091 0.072 0.077 0.076 0.082 
DL3   X Direction Y Direction 
    MP + MP - IT + IT - MP + MP - IT + IT - 
N 
RS CB 0.178 0.145 0.153 0.148 0.100 0.122 0.163 0.164 
RS RS 0.176 0.175 0.244 0.161 0.116 0.126 0.139 0.152 
Y 
RS CB 0.200 0.199 0.200 0.193 0.128 0.129 0.180 0.145 
RS RS 0.223 0.221 0.204 0.142 0.112 0.122 0.144 0.172 
DL4   X Direction Y Direction 
    MP + MP - IT + IT - MP + MP - IT + IT - 
N 
RS CB 0.354 0.310 0.297 0.284 0.124 0.130 0.233 0.205 
RS RS 0.221 0.352 0.348 0.176 0.320 0.141 0.195 0.362 
Y 
RS CB 0.267 0.265 0.356 0.357 0.173 0.232 0.363 0.257 
RS RS 0.324 0.267 0.313 0.219 0.231 0.125 0.240 0.232 
 
Concerning the execution of the cyclic pushover, a different behavior towards the X and the Y 
direction is shown. This is still ascribable to the different distribution and the different features of 
the resistant walls along the two axes. In X direction, a higher hysteretic capacity is expressed, 
already related to the lowest LSs. This is barely notable for DL1, then, for DL2 it increases its 
evidence. In X direction, a mean value of 0.113 is given for DL2, against a 0.079 in Y direction. 
The difference becomes more relevant for the higher DLs, with a mean value of 0.185 against 
0.138 for DL3 and 0.294 compared to 0.222 for DL4, for X and Y, respectively. Looking at the 
two load patterns, the inverse triangular pattern generally highlights a higher dispersion in the 
damping values. Comparing the coefficient of variations along the two direction, the Y one 
denounces lower coefficient of variations; only for the DL4 the dispersion is the higher one, bigger 
than the one in X direction. The hysteretic damping values points out, coherently with the PO 
curves analyses, the different performances of the structures along the two directions. The brittle 
behavior of the models in Y direction is shown by lower damping values; on the other hand, the 




ductility capacity of the structures in X direction highlights higher values of its hysteretic 
behavior.   









Figure 5.14. Cyclic pushover curves for the N/RS/CB/CB/HB model along the Y direction according 
the inverse triangular seismic pattern.    





5.4.2 DEFINITION OF THE INTENSITY MEASURE AND SENSITIVITY 
ANALYSIS  
The procedure developed in 5.4.1 was necessary in order to express the different PLs in terms of 
the selected IM. In this work, the sensitivity of the different parameters previously descripted has 
been finally assessed. For each model, according to the central star approach, NLSAs have been 
performed. The graphs presented in Figure 5.15 and 5.16 shows the variability of the response 
towards the aleatory uncertainties.  
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Figure 5.15. PO curves of the No-lintel models according to the two directions and the two load 
patterns. 




The colored lines represent the PO curve of the mean model with all the mean values of the 
aleatory uncertainties (i.e. the epistemic uncertainties); the red and the black lines are referred to 
the two considered load patterns, the mass proportional and the inverse triangular, respectively. 
The grey lines plot the remaining aleatory uncertainties involved in the analyses, i.e. other 14 PO 
analyses executed for each seismic pattern. The sense of the analysis is distinct by positive and 
negative contributions. 
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Figure 5.16. PO curves of the Yes-lintel models according to the two directions and the two load 
patterns. 
Finally, in this work the comparison between the different models is obtained in terms of IM. For 
all the four logic tree branches, the PGA levels achieving the different DLs has been defined. The 





sensitivity of each parameter was accounted in terms of comparisons between the PGA values 
needed for the attainment of a certain DL.  According to the CNR-DT-212 recommendations and 
to Cattari et al. (2014), the sensitivity to variables Xk is assessed through the variable ∆PLi,Xk 
computed by: ∆牒挑沈,諜賃= 2 彫暢鍋薙日,入貼尿尼猫貸 彫暢鍋薙日,入貼尿日韮彫暢鍋薙日,入貼尿尼猫袋 彫暢鍋薙日,入貼尿日韮         (5.1) 
The sensitivity of the different epistemic uncertainties can be assessed too. In this case, given M 
branches, the j-th epistemic uncertainty is expressed through the ∆PLi,Yk parameter, as: 
∆牒挑沈,超珍= 2 陳銚掴岾通乳,内謎鍋薙日,尿賑尼韮,忍峇貸陳沈津 乳,内謎鍋薙日,尿賑尼韮,忍峇陳銚掴岾通乳,内謎鍋薙日,尿賑尼韮,忍峇袋陳沈津 乳,内謎鍋薙日,尿賑尼韮,忍峇     
   (5.2) 
Where μj,I MPLi,mean,q is the mean of the different IMPli values outcoming from the logic tree approach 
by assuming the mean value for all the random variables. The sensitivity of each parameter can 
be assessed by the definition of sensitivity classes (SC). Three SCs are here defined: high 
sensitivity (SCH), medium sensitivity (SCM) and low sensitivity (SCL) (Cattari et al. 2014). The 
three classes are defined as a function of the  ∆PLi,Xk (or ∆PLi,Yk): 
- SCH: ∆PLi,Xk (or ∆PLi,Yk) > 2/3 ∆PLi, max 
- SCM: 1/3 ∆PLi, max ≤  ∆PLi,Xk (or ∆PLi,Yk) ≤ 2/3 ∆PLi, max  
- SCL: ∆PLi,Xk (or ∆PLi,Yk) ≤ 1/3 ∆PLi, max 
The results, in terms of PGA presents some deviation. Concerning the epistemic branches, the 
results of the sensitivity analysis showed a low sensitivity of the different models to the seismic 
response. On the other side, wider considerations may be done for the aleatory uncertainties. As 
example, the values for the attainment of the DL3 for the N/RS/RS/CB/HB model are shown in 
Figure 5.17. A discrete variability between the directions and the different load patterns is pointed 
out. The outcomes in terms of SCs for the different aleatory variables are finally briefly shown in 
Figure 5.18. 
 
Figure 5.17. Variability of the capacity response due to the aleatory uncertainties.  




Herein, the different SCs have been assessed for each seismic direction, for the two patterns 
according to the two positive and negative senses for the four DLs considered. For the 
different classes, the ∆PLi, max has been found and the relative SC classes defined.  In order to 
assess the sensitivity of each parameter not singularly referred to the DLs, the different LSs 
have been superimposed and their numerousness was weighed to the total of the SCs. In 
Figure 5.18 the superimposing procedure for each epistemic model is shown. In the Appendix, 
the SCs are presented one by one. The three colors identity the different SCs; orange for SCH, 
yellow for SCM and green for SCL. Basically, the definition of univocal judgments over the 
models, not related to the DLs is an important issue, nevertheless, it is important to collect 
separately the different contributions in order to define the sensitivity at the different PLs. 
Observing the Figure it is worth noting the aleatory variable X1, X2 and X6 show the higher 
sensitivity. The first two parameters are referred to the mechanical properties of the RS and 
the CB masonry, respectively. Concerning X1, the 65% of the variables are scheduled into the 
SCH class, approximately equally distributed along the different models and the different 
DLs, while 20% is given for SCM and the 15% for SCL. X2 is divided as 56% for SCH, 23% 
for SCM and 21% for SCL. In this parameter, some difference is involved, especially for the 
higher DLs. In the case of no-lintel-models (N), the aleatory variable points out its sensitivity 
for the lower DLs, (DL1 and DL2), while for the DL3 and DL4, it is for the 53% of the times 
in SCL. On the other side, in case of yes-lintel-models (Y) the influence of the parameter is 
extremely sensitive especially for DL4 (68.75% in SCH). The influence of the third 
mechanical typology investigated, X3, which has been defined for the modeling of the bearing 
walls at the last level does not seem so relevant. This is ascribable to the failure collapses of 
the models, which mostly regard the lowest floors. Yet, the influence of the concrete 
variability ranges between the SCL and the SCM, with a prevalence of SCL (74% of the 
parameters are in SCL). A higher interest is pointed out by the variable X5 especially in the 
definition of the DL1. This is highlighted in all the four models in a different way; 
nevertheless, the connection between the parameter definition and the first DLs is an intrinsic 
one. Concerning parameter X6, it denounces a discrete sensitivity to the seismic response of 
the models. The 26.5% of the parameter enter in SCH class, with a 27.5% in SCM and the 
46% in SCL, respectively. Despite the prevalence of the SCL class, this parameter mostly 
influences the performance of the models for the highest DLs. The sum of DL3 and DL4 it 
shows a SCH 26 out 32 times (81%). Finally, parameter X7 shows a limited sensitivity. 
Looking at the SCs map patterns in the Appendix, it is worth noting that some load pattern is 
able to generate a higher variety in terms of seismic response. This is clear especially in the 
Y direction, where, depending on the models, the uniform and the inverse triangular pattern 
tends to enlarge the PGA variability. Between the models, it is possible to observe that the 





lintels allow a more localized sensitivity, mostly referred to the three most sensitive 
parameters described.  
 
Figure 5.18. Superimposition assessment of the sensitivity of the different parameters investigated.   
 
5.5 DERIVATION OF THE ANALYTICAL FRAGILITY CURVES  
Assumed the PGA values for the different DLs and the aleatory and epistemic models, fragility 
curves can be finally derived. The analytical formulation has been applied separately to the four 
models, according to the assumption of statistical independence of the different logic tree 
branches. To derive the fragility curves, the total dispersion βT of the models needs to be 
computed. According to the procedure described in 3.3.4, the dispersion herein utilized account 
for both contributions of the seismic demand and the building capacity. The final values are 
obtained by the geometrical mean of the two different parts. In Figure 5.19 the PGA values and 
the relative dispersions for the no-lintel and yes-lintel models, respectively, are shown.  
The plotted PGA values are referred to the minimum value between the positive and the negative 
contributions according to each seismic load pattern and each direction. The four models show 
some difference between the seismic performances of the structures. Specifically, the ductility 
capacity expressed in the X direction and descripted in Section 5.2 is highlighted by the bigger 
differences involving the PGA values for the attainment of the different LSs. In the Y direction, 
the variations are minor, with closer PGA values, especially between DL3 and DL4. The vicinity 
of the PLs in the nonlinear phase confirm the trends already pointed out with the PO curves. 
Concerning the dispersion values, βT ranges between 0.1 and 0.22. It tends to increase along the 
development of the different DLs, especially in the X direction. The inverse triangular pattern is 
the one with the highest dispersions. Excluding those values, the dispersion rates are low, and 
they mostly range around 0.15.  









Figure 5.19. The PGA values and the relative dispersions for the four models.   
  
Finally, the analytical curves can be derived for each direction and each seismic load pattern. In 
Figure 5.20 and Figure 5.21 the plots are shown. Each curve expresses the probability of 
exceedance of a certain DL for a given intensity measure. Namely, the PGA values for the 
different attainments set the central point of the curve, fixed at the 50% of the 0-1 distributions; 





hence, the dispersion values rule the slope of the curve denouncing the variation of probability 
towards different seismic intensities. Looking at the figures, the performance of the models points 
out some differences. Concerning both load patterns, for the two directions, usually a higher offset 
distance insists between the DL1 and DL2; then, the curves express a relative brittle behavior with 
a fast attainment of the further LSs and limited distances between DL2, DL3 and DL4. This is 
pointed out by different models; in X direction, in models N/RS/RS/CB/HB Y/RS/CB/CB/HB, 
for the mass proportional pattern the fragility curves are plotted almost simultaneously. On the 
other side, the inverse triangular pattern generally exhibits a higher scatter between the two LSs, 
in all the models expect for Y/RS/RS/CB/HB. In the other cases, some superimposition between 
the two curves is pointed out, especially for low PGA intensities (models N/RS/RS/CB/HB and 
Y/RS/CB/CB/HB). This is justified by the different inclinations of the curves combined with the 
close distances of the PGA values for the attainment of the LSs and, because of the intrinsic 
definition of progressive DLS, it won’t be considered in the definition of damage scenarios. 
 
In the Y direction, the low ductility of these structures was already highlighted; the models show 
a relevant nearness between from DL2 to DL4, which prove the rapid nonlinear degradation of 
the model. The mass proportional pattern leads to close fragility curves from DL2 to DL4, 
especially for the two models without lintels. Furthermore, the inverse triangular pattern brings 
to overlaps for the last to curves. Despite the PO graphs showed a higher capacity in the plastic 
range, this is due to the achievement of the LSs along the nonlinear branch. 
 
Comparing the fragility curves found through the four models, is not easy to define common 
trends. For this reason, the curves have been assessed together, considering the two load patterns 
for each direction. Between the four models, in the X direction a higher variability for the different 
LSs is shown, in particular for the inverse triangular pattern, where c.o.v. values range between 
the 8 and the 14%. In the Y direction, the mass proportional pattern shows the higher variability, 
especially for the lower DLs. Comparing the same PLs in terms of damage pattern it is worth 
noting a different behavior towards the two directions. In fact, the inverse triangular pattern 
achieves first its DLs in the X direction, for all the consider PLs. On the other side, for Y direction, 
a mixed result is expressed. The results are still coherent with the PO curves. Indeed, in X direction 
the inverse triangular pattern denounces lower base shear values and stiffness. Hence, despite 
longer plastic branches, with capacity curves almost horizontal, the capacity decreases rapidly, so 
it attains the PLs before than the mass proportional pattern. In the Y direction the stiffness and the 
maximum base shear of the inverse triangular pattern are lower than the other seismic one; in this 
case, both load patterns highlight a remarkable brittle behavior with an immediate decrease of 
strength and an immediate transfer from DL3 to DL4.  
 











Figure 5.20. The fragility curves for the two no-lintel models.   
 












Figure 5.21. The fragility curves for the two yes-lintel models.   




Finally, the damage scenarios have been forecasted adopting the DS probability distribution of 
the derived fragility curves. At this point of the work, the assumption of the most reliable load 
pattern would be necessary. Different approaches can be used. The execution of nonlinear 
dynamic analyses is probably the more adequate tool in order to define the reliability of the 
seismic load patterns.  Otherwise, the choice of a specific load pattern can be justified by the 
assumption of the one that reaches before the attainment of the DLs. Moreover, a mean fragility 
curve, between the two different probabilities can be still defined (Milosevic et al. 2019). In this 
work, the criterium of the minimum IM value between the two different load patterns has been 
adopted. Observing the PGA values that attain the different DLs, considering the four models, the 
two directions and the two load patterns, 64 different LS has to be assessed; then, between them, 
32 LSs need to the selected.  
 
Complexly, the inverse triangular pattern is attained for lower levels of PGA 24 times out of the 
total 32, while the mass proportional pattern achieves his thresholds first only 8 times. Concerning 
the X direction, the inverse triangular pattern achieves the DLs first in the 87.5% of the cases. 
Referring only to the last two LSs, it represents the 75% of the total amount. For the Y direction, 
the inverse triangular pattern is again the one achieving first the performance points (62.5% of 
the cases). In this direction, despite the distribution of the first pattern achieving the DLs is 
unbalanced towards the lowest DLs, the inverse triangular pattern still was still assumed as the 
referred one. In fact, looking at the damage of the mass proportional pattern, is worth noting that 
the failure of the building is given by the shear collapse of the ventilation level (Figure 5.6). 
Nonetheless, this assumption is a tricky one. As described in Section 2.3 the highest percentage 
of the buildings presents a semi-underground level that leads the perimetral walls to behave as in 
the ventilation-floor model; perhaps, the internal bearing walls are characterized by a total height 
of the panels. Accounting for the case-study model, the collapse at the ventilation level depends 
on the resistant wall disposition at the considered floor and in the elevation. Even if it is 
representative for the mass proportional pattern for the assessed model, is not possible to deduce 
that this behavior is extendable to the other buildings of the class. Due to these reasons, in the 
presented thesis the inverse triangular has been assumed for both directions. Of course, further 
in-depth studies could confirm or deny these assumptions.  
 
For the selected case study described in Section 5.1, four different statistically independent 
structural models have been studied, therefore, the probability of each logic tree branch is 
considered separately from the other, defining the probability distribution of the different fragility 
curves. Finally, each scenario represents the 25% of probability of occur given a seismic event.  





In this work, considering the seismicity of Florence area, four different LSs associated with four 
Return Periods respectively have been assumed. The return period of 30, 50, 475 and 949 years 
have been associated to the different DLs.  
Concerning the structure representative of the simple-block model, the results show a dual 
vulnerability. Specifically, the damage distributions describe inverse bell curves where the higher 
probabilities are expressed for the lowest and the highest DLs, avoiding the central DSs. This is 
due to the proximity of the fragility curves between the PLs, which also reflects the brittle 
behavior of the model. Once the elastic range of the structures is completed, the degradation of 
the buildings in the plastic range is immediate and it rapidly leads to the highest DSs. As long as 
the seismic excitations lead the buildings into their elastic branch, the models are able to respond; 
otherwise, they tend to slip towards the highest DLs. In Figure 5.22 the cumulative damage 
distributions of the models for the different return period are shown.  
Despite the models point out different probability distributions, the results exhibit the same global 
trend. For the low return periods (30yrs ,50yrs) the behavior of the models is quite good, with an 
expected damage between DL0 and DL1. Looking at the plots of the damage distribution, for a 
return period of 30 years, in the X direction the highest probability is given for DL1, when it 
ranges between the 78.77% and the 50.3% of the total amount. The same trend is found in the Y 
direction, with results slightly more conservative: the DL1 ranges between 64.4% and 48.2%. In 
both directions the probability of not attaining any damage is the second most-likely one. Hence, 
the other probabilities decrease for the further DLs. The aforementioned damage distribution 
inverse-bell behavior is highlighted in Figure 5.22, where the probability to reach the DL4 is 
higher than the one for the attainment of DL3. For a return period of 50 years the trend between 
the two distinct direction is more balanced. All the models set the most reliable probability in the 
attainment the DL1 (max probability between 74.4% and 53.7% in X and 59.6% and 45.0% in Y) 
with an increase of the probability for DL2.  
Considering the SLV and SLC, the probability of exceedance the threshold LS are quite 
pronounced towards the DL4 and 5. Specifically, for a seismic action of 475 years return period, 
in the X direction the four models show a probability concentrated between 44.5 and 47.7% to 
attain DL4. Lower values ranging around the 30% are given for DL5 (except for model 
Y/RS/RS/CB/HB pointing out a 50.2% probability), which is the second probable LS. These 
percentages tend to increase for the Y direction, where the probability is mostly distributed 
between DL4 and DL5. Specifically, DL4 distributions obtain values between 48.0% and 50.3%, 
while DL5 is distributed in the range 38.8-45.7%.  
For the 949 years return period, the probabilities of DL5 increase again, becoming the most 
probable damage class for earthquakes of such intensity. Specifically, in X direction the 
probability of attain DL4 rounds around the 45% for both directions. Then, DL5 exhibits a 




probability between 41.2% and 56.7% in X (with a mean value of 47.5%), while in Y direction it 










Figure 5.22. Damage scenarios for the four different models according the four considered return 
periods.   





5.6 FINAL REMARKS OF THE ANALYTICAL PHASE  
5.6.1 EVIDENCES FROM THE FRAGILITY CURVES  
Dealing with the selected case study, the defined fragility curves show a brittle behavior that 
highlights a particular seismic vulnerability. The analysis of the global behavior of the structure 
has been widely done in all Chapter 5. The capacity of the building has been investigated by 
means of nonlinear static analysis, taking into account both epistemic and aleatory uncertainties 
in order to assess the range of variability insisting in the modeling. The results showed serious 
forecasts in case of severe seismic events. Specifically, for a seismic event with a return period 
of 475 years the building in the worst defined scenario has a probability of 50.2% that the collapse 
occurs, with a 46.3% of reaching the severe damage DL4. Comparing these distributions with the 
ones obtained from the GNDT second level approach presented in Section 4.1 it is clear the 
differences in terms of DLs and percentages. The analytical results obtained from the case study 
denounce a behavior influenced by the technical and mechanical characteristics of the models. It 
is worth noting that, despite the presence of ring beams and rigid diaphragms allows a box 
behavior, it also interrupts the vertical alignments of the piers, promoting a storey mechanism 
which reduces the nonlinear capacity of the model (Cattari and Lagomarsino, 2013b). This is an 
intrinsic characteristic for these buildings, which it has to be considered. Other outcomes have 
been pointed out from the presented research; if the epistemic uncertainties resulted not so 
relevant in terms of sensitivity, this is mostly due by the floor level where they have been 
considered. In fact, the EF models are mostly characterized by a shear failure of the lowest levels, 
while the epistemic uncertainties dealt with the masonry typology disposition at the upper floors. 
This represents a structural characteristic. On the other side, the mechanical properties of the 
materials have been collected in a high-sensitivity class, denouncing the importance of the 
mechanical values in the performance variability. As the empirical methodologies are not able to 
describe accurately the vulnerability of the investigated buildings, the analytical results suggest 
the implementation of the behavior pointed out in order to provide 1) a seismic vulnerability 
assessment at urban scale (which is the target of the thesis); 2) generic outcomes useful in the 
engineer practice. In the following Chapter of this work both points are fulfilled.   
 
5.6.2  Q-FACTOR DEFINITION 
 
In this section, the structural behavior factor q for the investigated building typology is 
provided. As known, it represents an approximation of the ratio of the seismic forces that 
would invest the structure if its response was completely elastic. An extensive discussion 
about the q-factor values can be found in Calvi (2006). The Italian standards provide values 
for q-factor in case of linear elastic analysis. Namely, q is given by: 




� =  �待 �追            (5.3) 
where �待  represents the ductility value and �追  depends by the vertical regularity of the 
construction (equal to 1 for regular structures, otherwise 0,8). The last Italian code for the 
existing buildings considers a �待 value for URM equal to 1,75 OSR, increasing up to 2,5 OSR 
for masonry building with reinforced insertions (NTC2018). This last term, the overstrength 
ratio (OSR) expresses the ratio between the base shear at ultimate displacement and the one 
reaching the plasticity in the first wall. The q-factor has been assumed coming from the 
nonlinear analysis, assuming the ratio between the idealized maximum base shear �勅鎮,陳銚掴  
and the one at the yielding point �槻 (Figure 5.23): � =  庁賑如,尿尼猫 庁熱 =  �待           (5.4) 
 
Figure 5.23. Definition of q-factor and the overstrength ratio (from Magenes, 2006). 
As mentioned, the overstrength ratio (OSR), as for other structural typologies should be 
considered (Magenes and Morandi, 2008). In fact, given �勅鎮 as the force value for the 
attainment of the strength capacity of the first structural element in the model, the base shear 
capacity still permits the sustainment of some contribution until the achievement the 
maximum value given for the yielding point. The formulation is given by: � =  庁賑如,尿尼猫 庁賑如 =  庁賑如,尿尼猫 庁熱 庁熱 庁賑如 =  �待 庁熱 庁賑如 =  �待 ���         (5.3) 
In this work, the values for �待and ��� have been directly computed from the PO analysis. In 
Figure 5.24 the results for the �待 values for the four different models are shown. Differences 
are pointed out especially within the two seismic load patterns rather than according the two 
different directions. The Y direction denounces slight lower value. Moreover, the mass 
proportional pattern leads to lower values of �待, ranging between 1.33. On the other side, a 
mean value of 1.69 is obtained for the inverse triangular pattern; so complexly, a mean value 
of equal to 1.51 is found.  






Figure 5.24. Computation of the q0 values according to the different models. 
Comparing the obtained values with the one proposed from the Italian codes, the computed 
ones are slightly conservative. This is due to the intrinsic vulnerability of the models towards 
the horizontal actions. As presented in Magenes (2006), the lower threshold equal to 1,5 was 
several times proposed, nonetheless, the models point out also minor computations. 
Complexly, they range from 1,28 to 1,86. 
Concerning the definition of the OSR, the latter presents interesting outcomes. In fact, while 
the epistemic uncertainties showed a low sensitivity between the different logic tree models 
adopted in the research, i.e., the a-priori assumption of only one model inside the four logic 
tree branches would not lead to improper results, the computation of the OSR targeted at the 
adoption of linear static analysis points out different characteristics. Looking at the results in 
Figure 5.25, a clear difference between the models with or without lintels over the openings 
is highlighted. The models without lintels exhibit low values of OSR; excluding the inverse 
triangular pattern in the Y direction, which it leads to OSR values between 1 and 1,07, the 
mean values of the two models without lintels for the other 6 combinations of seismic pattern 
and directions present a mean value equal to 2,35 and a standard deviation of 0,41. On the 
other side, the models with lintels, except for the mass proportional pattern in the Y direction, 
tend to exhibit OSR values smaller  than 1,00. For the models without lintels the latter are 
coherent with other OSR values provided in literature (Magenes 2006), on the other side, 
further studies (experimental and analytical) are needed concerning the yes-lintels models. 
This outcome can be justified by the different hierarchical roles defined inside the masonry 
panels. The models without lintels in the first linear phase are characterized by a less relevant 
damage diffusion, pointing out in earlier phases the attainment of the plasticity. On the other 
side, the RC lintels over the opening allows a more diffuse localization of the damage along 
the masonry heights. Due to this, the shear or flexural strength of the panels is achieved only 
after that a higher number of panels already exploited their linear capacities. So, in terms of 




idealized bilinear curve, this attainment is given after the yielding points, defining no longer 
OSR increment coefficient.  
This result points out an important insight concerning the  further studies concerning that 
should dissuade in the choice of linear elastic analysis for the seismic vulnerability 
assessment of these buildings: the lack of knowledges about building details such as the 
presence of RC lintels over the openings can significantly alter the linear elastic response of 
the considered buildings. Unless of an univocal achieved knowledge, this method become 
unreliable. On the contrary, the low sensitivity of the logic tree branches suggests the adoption 




















































6. ADOPTION OF THE FRAGILITY CURVES AT URBAN SCALE 
 
The urban scale overview of the presented thesis requires an implementation of the analytical 
results obtained from the case study to a higher number of buildings. To this aim, the definition 
of few parameters able to describe the seismic behavior of the model is needed. In this section, 
the implementation of the results coming from the analytical procedure performed on the single-
block case study is presented. In a simplification perspective, the fragility curves coming from 
the four different models have been combined together in two unique plots, one for each direction. 
They have been realized considered the mean curves of the four fragility curves obtained for each 
DLs and each direction. The results, presented in Figure 6.1, show the reliability of the 





Figure 6.1. The fragility curves and relative damage scenarios considering the mean curves within the 
four logic tree branches.    
The curves reflect the behavior already pointed out in previous section. Moreover, they facilitate 
the outcomes of the study due to obtainment of only two curves rather than four different scenarios 
with the 25% of probability for each. It is worth noting that the combination of statistical 
independent probabilities, based on the aforementioned assumptions, represents an improper 
operation. Therefore, in the analytical procedure they have been considered scrupulously 
separated. In this last part of the work, switching the scale of interest of the research the evidences 





of the analytical phase highlighted a low sensitivity of the logic tree branches to the seismic 
response of the structure. Due to this, since the case study is a single building, this simplification 
has been considered a suitable one. The two sample of fragility functions express yet the capacity 
of the structure, which is higher in the X direction, with closer attainments within the DLs in Y 
direction. Concerning the damage distributions, for 475 years return period, in X direction a 
probability of 47.6% is expressed for DL4, with 35% for DL5 and 8.8% of DL3. In Y direction, 
the probability tends to the highest DLs, with a 50.1% of probability for DL4 and 38.6% for DL5.  
In order to achieve the same structural behavior through a simplified approach, the first phase 
regarded the description of the capacity of the model through more streamlined procedures. To 
this aim, the Capacity curves coming from the nonlinear static analyses have been converted 
through a Bilinear relationship. This operation followed the path developed in Section 3.3; the 
equivalence of the area under the capacity curve has been conducted considering the curves until 
the attainment of DL4. In Figure 6.2, the plot of the bilinear curves along the two directions are 
presented. The grey lines indicate the 8 bilinear curves for each direction and two senses of the 
analysis obtained within the four models; the red line points out a mean capacity curve.  
Coherently with the previous analysis, the trends of the curves describe the behavior of the 
structures. In X direction a higher ductility is shown, despite slightly lower base shear values.  
  
Figure 6.2. The bilinear simplification for the different PO curves. In red, the mean curve is plotted. 
Observing the curves, in Y direction it is possible to observe a lower dispersion in terms of 
nonlinear branch, while, X direction shows a lower variability in the maximum spectral 
acceleration. Aiming to define the fragility curves, first of all the LSs need to be defined over the 
bilinear relationship. Hence, the PGA for the attainment of the DLs needs to be defined according 
to (3.16), (3.17) and (3.18). 
Referring to the DLs, they have been scaled over the bilinear curve assuming proper linear 
correlations. In case of bilinear capacity curves, relationships in order to obtain the performance 
points, given the ultimate and the yield displacement are available in literature. In a bilinear 




relationship, the thresholds are defined in terms of displacement as functions of the yield and the 
ultimate displacement (Calvi et al. 2006): �鳥,怠 = 0.7 �槻            (6.1) �鳥,態 = 1.5 �槻              (6.2) �鳥,戴 = 0.5 (�槻 + �通)           (6.3) �鳥,替 =  �通              (6.4) 
These values have been calibrated on the assessment of pushover analysis executed on several 
building prototypes. Finally, a comparison between the obtained performance points and the 
proposed literature values can be done. The case study exhibits different relationship along the 
two directions. Concerning the first two DLs, in X a relationship of  �鳥,怠,諜 = 0.76 �槻,諜 is shown, 
with a �鳥,怠,超 = 0.78 �槻,超  for the Y direction. In the case of Sd,2 there is a more pronounced 
difference, specifically �鳥,態,諜 = 2.10 �槻,諜  and �鳥,態,超 = 1.56 �槻,超 . For Sd,3 two considerations 
may be done. Observing the formulation proposed in (6.3), a mean variance equal to 17% and 
14% for the two directions respectively is estimated. As well, (6.3) it centers the position of Sd,3 
within the two different LSs, while for the case study its position is highly unbalanced towards 
the ultimate displacement. Due to this, a punctual correction could be done substituting the 
coefficient 0.5 with a 0.6 for X direction and 0.56 for Y direction.  Otherwise, considering the 
attainment of DLs in the building, a different formulation can be defined expressing Sd,3 only as a 
function of the ultimate displacement. In this case, it results �鳥,戴,諜 = 0.9  �通,諜  and �鳥,戴,超 =0.95  �通,超. This relationship reflects the brittle behavior of the model, especially towards the Y 
direction. This procedure allows the definition of specific DL relationships, calibrated for the 
representative case study of the thesis. The differences insisting between the two directions reflect 
the behavior of the case study towards the two directions. This can be related to the intrinsic 
characteristics of the masonry panels and their role in the definition of the residential box-
structure.   
Given the different bilinear curves, the spectral acceleration could be used in order to derive 
fragility curves. Nevertheless, aiming to compare the latter with the analytical results, the same 
im needs to be defined. The analytical outcomes of the in-depth studies developed on the simple-
block buildings have been considered. Specifically, the period was computed through eq. (3.17) 
while the equivalent damping η has been assumed based on the results of the cyclic pushover 
analysis. Finally, the PGA values for the attainment of the different LSs can be obtained. The 
equivalent damping has been considered assuming the mean value for each LS for each direction 
of the analysis. For the seismic demand, in this final part of the work, two different strategies 
could be used. The first one would regard the adoption of the conditioned spectrum over a mean 





fundamental period of the structure given by the four epistemic models considered in the 
analytical phase. The second approach considers instead the mean spectrum provided by the codes 
for the referred type of soil. This last assumption, despite its intrinsic simplification is specifically 
practice-oriented and addressed to the world of work. In this section, both assumptions have been 
assessed; in the first case, the spectra have been conditioned for the mean value obtained from 
Table 5.1. In the second, the mean soil spectrum of the city of Florence for a soil class B has been 
assumed. Observing equation (3.16) it is worth noting that the definition of the PGA values is 
function of the seismic demand (expressed by the specific spectrum) and the equivalent damping 
η of the model. Assuming the mean values of damping, is reasonable to consider that more the 
considered demand is close to the one used in the analytical model and less is the expected 
variation. In both models have been adopted the mean damping parameters, which are presented 
in Table 6.1. Hence, a first comparison of the two assumptions was conducted in terms of PGA 
differences.  
Table 6.1. Equivalent damping values adopted in the simplified procedure. 
 X Y 
DL1 89% 98% 
DL2 72% 88% 
DL3 67% 85% 
DL4 64% 81% 
 
The PGA variability for each LS has been considered through: ���% = 1 − 牒弔凋濡牒弔凋尼           (6.5) 
Where the PGAs is the intensity measure obtained from the two different in terms of spectrum, 
while PGAa represents the analytical value obtained from the four different logic tree branches. 
In Figure 6.3 the variations in terms of DL attainment are presented for both models. Namely, the 
black point represents the variation of the analytical model, which is computed as zero, while mcs 
and NTC represent the mean-capacity-spectrum and the NTC code-spectrum respectively, 
considered as seismic demand for the two different proposed assumptions. Both models present 
suitable results, with the PGA differences within the 10% of variation.  
In X direction there are more differences, according to both models. Looking to the highest DLs 
the mcs spectrum looks slightly more reliable; in X direction it presents differences around 7% 
for all the DLs except for the DL2 (3%). In Y direction the same value is still obtained for DL1, 
then, the differences switch to negative values and with a peak of 9% for DL3. Considering the 
NTC model, the results looked less aligned towards the analytical ones; in X direction the 




variations are respectively 6%, -6%, 8% and 9% for the different DLs. In Y directions, they tend 
to negative variations, such as especially for DL2 and DL3 while for DL4 it is really close to the 
analytical solution. Both models lead to conservative results in Y direction, while they slightly 
increase the PGA values for the respective attainment in X direction. 
X Y 
  
Figure 6.3. PGA differences for the attainment of the different LSs. 
For the two strategies the fragility curves have been finally derived; the dispersion of each DL 
has been assumed from the analytical outcomes of the procedure. In Table 6.2 the dispersion 
values for the different LSs are presented. Finally, in Figure 6.4 the comparisons between the 
fragility curves obtained through the bilinear relationships and the ones obtained analytically are 
presented. It is worth noting that, despite some differences, the two assumptions result reliable. 
In X direction the main differences are shown for the highest DLs, where the two simplified results 
lead to an horizontal offset of the curves. On the other side, the results for Y directions looks more 
balanced over the analytical ones. In Table 6.3 a damage state (DS) comparison is proposed for 
the same return periods considered in the previous parts of this thesis. Concerning the mcs model, 
for 475 years return period, in X direction it forecasts a 47.3% of probability of DL4 with a 30.4% 
for DL5; in Y direction the percentages are 46.8 and 47.7% respectively. Furthermore, for the 
same return period the NTC model forecasts in X direction a 46.5% and 29.4% for DL4 and DL5 
respectively, while in Y direction it predicts a 48.8% and a 45.5%. Both previsions result similar 
to the values obtained and descripted in the first paragraph of this section, equal to 47.6% and 
35% for X direction, with a 43.2 and 55.6% in Y direction. 
Table 6.2. Values of the total dispersion βT for the different LSs. 
 X Y 
DL1 12.0% 11.8% 
DL2 12.7% 14.1% 
DL3 14.3% 15.3% 
DL4 17.9% 15.4% 
 





Table 6.3. DS percentage comparison for the two bilinear assumptions and the analytical solutions. 
X direction 
475 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 1.12% 7.39% 8.82% 47.63% 35.05% 
mcs 0.00% 1.46% 11.09% 9.80% 47.27% 30.39% 
NTC 0.00% 0.66% 12.19% 11.23% 46.51% 29.40% 
975 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 0.09% 1.66% 4.55% 45.49% 48.21% 
mcs 0.00% 0.13% 2.85% 5.89% 46.32% 44.81% 
NTC 0.00% 0.05% 3.03% 6.74% 46.32% 43.86% 
Y direction 
475 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 1.05% 6.02% 1.42% 48.71% 42.80% 
mcs 0.00% 1.35% 1.50% 2.65% 46.80% 47.70% 
NTC 0.00% 1.00% 2.37% 2.93% 46.95% 46.75% 
975 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 0.11% 1.44% 0.44% 44.43% 53.58% 
mcs 0.00% 0.18% 0.21% 0.58% 43.09% 55.94% 
NTC 0.00% 0.13% 0.36% 0.68% 43.22% 55.62% 
 
Complexly, in X direction, both simplified results provide the same percentages of probability for 
DL4 as for the analytical model, while they point out some conservative results towards the 
attainment of DL5. This is shown for the two highest considered return periods. On the other side, 
considering the Y direction, the two models tend to increase the probability for DL5, especially 
for 475 years return period. Nevertheless, in both directions, despite the slight differences 
presented in terms of fragility curves, the results of the damage distributions look reliable with 
the analytical forecasts. Considered the two different approaches in terms of seismic demand for 
the simplified procedure, in this final part of the work the NTC assumptions have been considered. 
In fact, although this final part of the section showed the reliability of the presuppositions, the 
NTC one, since it is spectrum-code based can be considered more oriented towards the engineer 
practice. Improvements of the simplified results could be done. Specifically, in order to set the 
PGA values closer to the attainment thresholds, the equivalent damping should be altered. For 
instance, this could be done setting, in X and Y direction the values of 95, 70, 70, 70 and 99, 82, 
80 80 for the different LS, respectively. Nonetheless, this assumption would point out constant 
values of the equivalent damping for the higher DLs, which is not an outcome characteristic of 















Figure 6.4. Fragility curve comparison between the analytical solutions and the two simplified ones.  





6.1 THE MECHANICAL METHOD 
In this section, the mechanical method described in Section 3.3 has been applied. The bilinear 
capacity curves presented in the previous section are targeted as the expected result of a simplified 
approach.  Aiming to represent the mechanical features of the building through a limited number 
of parameters, some considerations need to be done. It is worth noting that, despite the availability 
of all the possible information regarding the selected case study, this part of the work is addressed 
to the extensions of the results over different buildings. Therefore, the punctual computations of 
the model characteristics need to the descripted by quantifiable formulations. Concerning the two 
bilinear curves assumed as representative of the buildings, as described in previous section, they 
have been selected assuming the inverse triangular pattern distribution.  
Aiming to the describe the same behavior of the structure through a proper equivalent period, eq. 
(3.33) has been adopted. The masses of the different levels of the building have been considered, 
taking into account the dead loads and the 30% of the live loads. Assessing the disposition of the 
floors towards the two directions resulted that the 71% of the slab loads was insisting over the 
masonry walls in the X direction (ζx,i = 71%), while only the 29% of the slabs was disposed in the 
orthogonal sense. For the roof structure, the loads were considered coherently with the Tremuri 
modeling. Finally, the different specific weights of the masonry walls were assumed for the 
different levels of the structure; in details, 19 kN/m3 was assumed for RC, 18 kN/m3 for CB and 
15 kN/m3 for HB masonry typologies. Concerning the reduction in the thickness of the bearing 
walls along the height of the building, the specific quantities were computed. According to 
Section 3.3, this is described by parameter αX,Y,i ; the distribution in the height of their different 
parameters is shown in Table 6.4; a different variation of the parameter is notable along the 
different levels. 
Table 6.4. Distribution of the α coefficient towards the two directions along the different levels. 
 α 1 α 2 α 3 α 4 
X direction 0.144 0.0873 0.0737 0.0485 
Y direction 0.0799 0.0674 0.0611 0.0495 
 
Referring to formulation (3.12), the building has been assumed with a regular height; specifically, 
the latter leads to a unique value of Γ towards the two directions. From the seismic analysis 
obtained in Tremuri, two different Γ values were obtaining. Considering the mean values between 
the four different epistemic models, a Γx of 1.427 and Γy of 1.473 was found, with a mean value 
between the two directions of 1.45. It is worth noting that the Γ quantity is not so different from 
the analytical simplified formulation obtained assuming a constant distribution of the masses 
along the height, which is given by:  � = 岾態戴 + 怠戴朝 峇貸怠            (6.6) 




where, for a building of 4 storeys, it leads to a Γ equal to 1.33. Considering the simplified model, 
two different assumptions were assessed, assuming or not the presence or the ventilation floor 
under the superior regular levels. Hence, the mass distribution has been made according to the 
considered load. Considering both configurations, the premise of a ventilation floor leads to a Γ 
equal to 1.78; on the other side, the assumption of a regular structure without the presence of this 
offset from the ground brings to a Γ equal to 1.409, which is closer to the analytical mean value 
of 1.45. Therefore, the second case has been adopted. Considering the masses at the different 
levels assuming the ground floor as the one of reference, the upper levels present decrease in their 
masses equal to 10, 24 and 36% respectively. They are mostly given by the reduction in the 
thicknesses of the bearing walls combined with the specific weight of the masonry alteration. 
Then, a reduction of the load is considered for the roof.  
Given these characteristics, also the average vertical compressive σx,y can be obtained, and 
consequently, the shear strength of the wall through (3.32) and (3.31). From the analysis, the two 
different τx,y result equal to 98 and 86 kN/m2 respectively, looking coherent with the values 
proposed in Cattari et al. (2004). Aiming to define the equivalent period of the structure along the 
two direction, the Elastic Shear Moduli G reduced of their 50% need to be considered. Coherently 
with the properties of the adopted masonry typologies (Table 2.5) the equivalent period has been 
defined. Here, the formulation introduces two correction factors k5 and k6 that need to be 
calibrated. In literature ranges for the two coefficients based on the structural behavior 
assumptions are proposed; k5 was proposed in order to consider the flexural contribution in the 
piers, while k6 considers the effects on the stiffness related to the spandrels influence on the 
boundary conditions on piers. Hence, for the WPSS models a range of 0.6-0.8 for k5 is 
recommended, while for k6 this is generally assumed equal to 1. In this work, for T*x a value of 
k5 equal to 0.65 was considered, leading to an equivalent period equal to 0.281, which is equal to 
the one obtained by the analytical bilinear curve. For the Y direction, k5 was assumed equal to 0.7, 
leading to a period of 0.283 comparable with the 0.281 of the analytical models. It is worth noting 
that the analytical bilinear result has the same period along the two different directions. 
Obviously, the floor disposition involves some uncertainty related to the masses along the two 
directions. Hence, the two values of k5,x,y could be assimilated by a single value.  
Adopting eq. (3.12) a tricky question regards the total height H of the model, where, avoided the 
ventilation floor for the total height of the models would be 12.80 m against the 13.8m. In this 
work, despite the regular assumption the total height of the model was computed. This has been 
done in an urban scale view, aiming to extend the results to a larger number of buildings. In fact, 
the height of the different models is an information provided from the GIS database; on the other 
side, the participation factor Γ showed the reliability of a regular distribution. So, the two inputs 
have been combined together adopting the regular distribution and the real height of the buildings. 





Further developments and studies concerning this point could improve the reliability of the 
simplified assumptions made at urban scale.  
The base shear fx,y can now be found. Considering the four corrector coefficients provide in 
equation (3.30), as for the period of the model, some values was already proposed. Considering 
the model as a WPSS configuration, the coefficient k1, since is the one that rules the failure 
behavior of the structure is the one that has been altered. Specifically, it has been adopted equal 
to 0.8 in X direction, where the flexural contributions are expected. In Y direction, since the 
prevalence of shear failure is expected, a value of the coefficient equal to 1.2 has been adopted. 
The bilinear capacity curves of the model can now be obtained. To this purpose, the last parameter 
that needs to be defined is Δ挑聴 , which it accounts the inter-story drift limit of the panel. In both 
directions, the drift value for the attainment of the DL4 has been assumed equal to 0.004; 
coherently with the values found in Lagomarsino and Cattari (2014) for a DL4 and a shear failure 
of the model. In Table 6.5 a resume of the different parameters adopted for the analysis is 
proposed. Finally, assuming the different parameters presented in this paragraph it is possible to 
obtain the PGA levels for the attainment of the different LS.  
 
Table 6.5. Correction coefficients adopted for the calibration. 
  X Y 
 
fx,y 
k1 0.75 1.20 
k2 1.00 1.00 
k3 1.00 1.00 
k4 1.00 1.00 
Tx,y k5 0.65 0.70 
k6 1.00 1.00 �通,調聴聴牒 Δ挑聴替 0.004 0.004 
 
Specifically, the equivalent damping has been accounted referring to the values presented in Table 
5.3. In the adoption of the CSM, the simple code spectrum for the area of Florence account for a 
return period of 475 years and a soil class B has been adopted. For the two directions, the 
performance points have been computed on the capacity curves according to the relationship 
previously defined. In Figure 6.5 the final bilinear curves are presented, together with the 
variability of the DS attainment in the simplified model respect to the analytical one. The biggest 
difference is highlighted for DL2 and Y direction. This can be explained by the assumption of the 
code spectrum that, compared with the sample of spectra scaled over the fundamental period of 
the models, being in the nearness of the referred point, leads to variations changing significantly 
point by point. In Y direction the results are more conservative, while the X direction tend to 
increase the values for the attainments of the DLs.  




    
Figure 6.5. On the left, comparison between the analytical bilinear curves (dashed lines) and the 
simplified ones (continuous lines). On the right, percentage comparison in terms of PGA between the 
different attainment of the PLs for the analytical model and the mechanical method.  
 
In Figure 6.6 a comparison between the analytical fragility curves and the simplified one is shown. 
The grey lines indicate the results coming from the PO curves, while the red lines describe the 
curves from the bilinear simplified curves. Finally, in Table 6.6 a comparison in DS terms is 
proposed.  
      
Figure 6.6. Comparison of the fragility curves. The red lines plot the simplified curves; the grey ones indicate the 
analytical results 
Looking at both results, fragility curves and DS exhibit the same differences. In both directions, 
for DL1 the simplified model reaches the threshold before the analytical results. On the other 
hand, the DL2 is anticipated. Concerning the last two DLs, the two directions express a different 
trends; in X direction the mechanical model attains the LSs after the analytical results, while for 
Y direction it anticipates the values coming from the PO analysis. The distributions show similar 
trends, especially for the higher DLs. The more plausible LSs are characterized by the same 
percentages of probability, then, some difference occurs especially between the other DLs. For a 
return period of 475 years, in X direction both results provide a 47% for the attainment of DL4. 
The analytical result expresses a probability of 9% for DL3 and 35% for DL5, while the simplified 
model leads to 10% for DL3 and 33% for DL5. The results are strictly comparable especially for 
the highest return period seismic events. For 30 and 50 years Return Period, bigger differences 





insist. While the analytical model exhibit major peaks around the DL1, the simplified models tend 
to decrease this probability increasing the ones in the margin (DL1 and DL3). The differences 
between the probabilities vary between 4 and 16%. 
 
Table 6.6. Damage scenarios for the different LSs for the analytical and simplified models.  
X direction 
30 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 20.89% 69.30% 7.00% 0.00% 6.18% 0.65% 
simplified 27.71% 57.97% 11.49% 0.00 4.96% 0.48% 
50 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 7.19% 66.71% 15.51% 0.00% 12.77% 1.31% 
simplified 10.51% 56.34% 23.50% 0.00% 10.61% 1.00% 
475 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 1.12% 7.39% 8.82% 47.63% 35.05% 
simplified 0.00% 0.66% 9.07% 10.46% 47.03% 32.77% 
975 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 0.09% 1.66% 4.55% 45.49% 48.21% 
simplified 0.00% 0.05% 2.06% 5.63% 45.79% 46.48% 
Y direction 
30 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 21.67% 58.94% 11.94% 1.02% 6.12% 0.31% 
simplified 30.20% 42.20% 16.18% 3.67% 7.35% 0.40% 
50 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 7.29% 54.46% 20.47% 2.02% 14.37% 1.37% 
simplified 11.71% 39.50% 24.15% 6.43% 16.37% 1.83% 
475 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 1.05% 6.02% 1.42% 48.71% 42.80% 
simplified 0.00% 0.50% 3.88% 2.70% 47.23% 45.70% 
975 DL0 DL1 DL2 DL3 DL4 DL5 
analytical 0.00% 0.11% 1.44% 0.44% 44.43% 53.58% 















6.2 EVIDENCES FROM THE ANALYSIS  
Despite the differences shown in terms of fragility curves and damage scenarios, the simplified 
model is assumed reliable to describe the seismic performance of this building typology. The 
mechanical method previously described is targeted to characterize the performance of several 
buildings in the Florence area. Several information were assumed on the basis of the conducted 
analytical study. Of course, the gathered data need to be enough detailed to describe the building 
stock, but also generic, being not only referred to the single case study. The information has been 
compared with the general values provided in literature, defining new relationships based on the 
site-specific experience.   
Mass distribution. The mass distribution along the elevation of the building was discussed. It 
depends on the thickness of the walls, the slab loads and the disposition of the floors towards the 
two directions. Observing Figure 6.7, a linear distribution of the weights is highlighted. Hence, 
this distribution has been compared with the simplified formulation presented in Cattari et al. 
(2004). Specifically, the m function was approximated through: � = 0.75 + 0.25 怠朝肉轍.店天          (6.7) 
Where Nf is the number of floors of the building. This difference mostly depends from the 
disposition of the thickness of the resistant walls along the height of the structure (Tab. 4.5). For 
the following models, the mass distribution depends from the disposition of the slabs along the 
two directions. Hence, for the specific weights and the loads at the different level, the outcomes 
of this research were used. 
  
Figure 6.7. Mass distribution comparison along the height of the model. 
Resistant walls ratio. The distribution of the resistant walls along the height has been compared 
with the analytical formulation provided by Cattari et al. (2004). The latter considers the �塚銚追 
value as: �塚銚追 = (1 + 0.2 (� − 1))貸怠              (6.8) 





Where N represents again the number of the floor. The assumptions made in this research, based 
on the different thicknesses of the walls along the height leads to a ladder distribution, presenting 
different values for the façades and the side walls. Considering the ground level as the referred 
one, the three superior floors are characterized by reductions of the bearing walls equal to 15%, 
45% and 45% respectively, for the façades. The side walls have instead reductions of 10%, 25% 
and 25% for the three levels. In Figure 6.8 the distributions according to the different direction, a 
mean value and the formulation presented in literature are presented.  
 
Figure 6.8. Comparison of the α distribution along the elevation of the building.  
It is worth noting that the distribution of the thickness of the walls also depends by the total height 
of the building; i.e. the models with less number of floors tend to reduce the reductions of the 
bearing walls, developing constant thicknesses from the ground level to the roof. Assuming that 
the buildings of the database are constituted mainly by two, three and four levels (the buildings 
with more levels are residual, as well as the one-level buildings), different thickness-reduction 
laws can be deduced. The buildings realized by 4 levels usually follow the ladder distribution 
proposed in this work. On the other side, the buildings characterized by two floors have usually 
lower and constant bearing walls. Finally, the building with three levels can follow the two 
previous assumptions, depending from their dimensions and the empirical approaches adopted 
during the construction phases. Due to this, an intermediate value has been adopted. 
Spandrels contributions factor. The spandrel contribution factor kx,y,i introduced in (3.29) shows 
constant values along the elevation of the structure. This denounce the vertical regularity of these 
buildings, where the openings are aligned between them. From a numeric point of view, between 
the side walls and the façades, different values are obtained. In X direction kx has a value of 0.61, 
while in Y direction it has a value of 0.83. This can be related to the behavior of the masonry walls 
and the intrinsic issues of the resistant elements. Specifically, some rule can be empirically 
deduced, expressing a relationship between the discretization of the panels and their behavior 
under seismic actions. Considering (3.30), as presented in Table 6.5, different values of k1 were 
used. They express the flexural and the shear tendencies of the masonry panels. Hence, looking 
at the side walls and the façades, some correlation can be done, expressing also intermediate 




behaviors of the structures (Table 6.7). Clearly, different intermediate configurations can be 
obtained interpolating the listed coefficients. For k1, in the Table, a value of 0.8 is proposed. The 
calibrated value found out for the building case-study was of 0.75, nevertheless, in this phase a 
slightly higher value was proposed. This was justified considering the strong shear behavior of 
the side walls of the investigated building, which they are characterized by no-openings at all.   
Table 6.7. Proposed coefficient correlation between the spandrel contributions and the behaviour of 
the structures. 
 Façades Intermediate behavior Side walls 
kx,y 1.60 1.40 1.20 
k1 0.8 1.0 1.2 
 
Viscous damping. Hysteretic viscous damping exhibits an exponential behavior, increasing for 
DL1 to DL4 through a nonlinear curve. The two behaviors towards the different directions 
denounce the differences involved in the side walls and the façades of the buildings. For these 
reasons, the analytical values obtained for the case study have been extended to the other case 
studies. In Figure 6.9 the two trends are shown. 
 
Figure 6.9. Equivalent damping distribution along the two directions. 
Dispersion. The values of the dispersion have been assumed from the analytical phase. 
Considering the quantities presented in Section 5.5, in this part, some simplification has been 
adopted. Observing the values of dispersion towards the two directions, the dispersion tends to 
increase with the DLs, presenting slightly different specifications. In Table 6.4 the values from 
the different LS were shown. In this finale phase, a mean value of the dispersion equal to 0.154 
was considered. It is worth noting that it has been assumed referring to the DL4 for the Y direction. 
In fact, due to the slight differences of the LSs, this has been considered a reliable option, pointing 
out a conservative behavior only for the DL4 in the X direction. Further studies will be able to 
improve these values to more proper specifications at the urban scale.  





6.3 URBAN SCALE VULNERABILITY ASSESSMENT  
The mechanical method has been finally applied to the simple-block model class. The buildings, 
presented in Section 4.2, despite the typological similitudes, present mutual differences. In this 
urban scale application, several parameters were assumed on the basis of the analytical phase, 
and they have been already listed in the previous section. The different mass distributions have 
been applied to the storeys of the structures, introducing the presented three masonry behaviors. 
Namely, façades, side walls and the bearing structure with an intermediate behavior. Given the 
mass distribution, the equivalent period of the building towards the two directions has been 
defined, as well as the stress in the bearing walls. The base shear fx can be defined, adopting the 
correction coefficient already presented. For k1, three different coefficients were defined for the 
three discretization forms of the bearing walls. Looking at the cases, coefficient k3 has been 
modified in order to account the plan irregularity of the structures decreasing the maximum 
shear values of the model. It ranged between 1,00 (no irregularity) to a minimum value of 0.8, 
which a conservative value coherent with the quantities proposed by Lagomarsino and Cattari 
(2014). A correlation between the spandrel contribution factor kx,y and the k1 coefficient 
describing the masonry behavior ranging between flexural and shear propensity were pointed 
out (Table 6.7). Finally, bilinear capacity curves for the different models could be plotted.  
Complexly, 45 building plans for a total of 112 realized buildings in Florence were assessed. 
The results, calibrated on the representative case study previously analyzed, are shown in Figure 
6.10. In this section, the plots account only the number of plans used for the intervention, without 
considering the numerousness of the realized structures; i.e., 45 capacity curves and their relative 
mean curve and standard deviations are shown.   
X direction Y direction 
 
 
Figure 6.10. Bilinear capacity curves of the simple-block models along the two directions. 
Looking at the curves, a bigger dispersion is pointed out in the Y direction, while in the X direction 
there is a relevant cluster of results around the mean value. This is due to the major variabilities 
offered by the side walls. As for the case-study, they can be characterized by massive side walls 
with few openings; however, elevations with openings or intermediate configurations can be 




found. On the other side, the façades of the buildings, because of their intrinsic definition of front 
of buildings usually follow the same trends. In the X direction, the analytical model curve is almost 
superimposed to the mean one of the urban stock, while in the Y direction it presents a lower 
value. The results reflect the importance of the structural characteristics towards the two 
directions. Of course, some simplification needs to be justified by further analyses. For instance, 
in depth studies concerning the computation of the ultimate displacement of the different models 
are expected. Nevertheless, coherently with the analytical solutions forecasted for the 
representative case studies, the urban stock application points out: 1) the good reliability of the 
case study compared to the database vulnerability; 2) the variability of the seismic response of 
the different case studies due their structural configurations. Finally, fragility curves can be 
derived for the different case studies, presenting ranges of values for the different LS. Figure 6.10 
points out as the mean curves accounting the double of the standard deviations are representative 
of the urban stock, with a few numbers of exceptions. Hence, their contributions have been finally 





Figure 6.11. Fragility curves of the simple-block models along the X direction 





In Figure 6.11 and 6.12 the fragility curves of the simple-block models along the two directions 
are shown. The equivalent damping and the dispersion values were accounted as described in the 





Figure 6.12. Fragility curves of the simple-block models along the Y direction. 
Finally, the Damage scenarios for the different configurations can be examinated. In Figure 6.13, 
the DS for the mean model and the mean model accounting the double of the standard deviation 
of the database are presented. These forecasts are assumed as generally representative of the 
simple-block model for the Florentine area and they are extendable to other case studies of the 
same class. The DSs and the fragility curves points out a slight variability in terms of results; this 
was expectable from the analysis of the homogenous database descripted in Section 4.1. 
Observing the database, the mean curves show that for a seismic motion of 50 years return period, 
a model shows a 43% of probability attaining DL1 and 32% for DL2 in X direction; Y direction 
has more conservative results with a 33% of probability for DL0, 33% for DL1 and only 17% for 
DL2. On the other side, for the bigger earthquakes, the Y direction is slightly more vulnerable. 
For a 475 yrs return period, in the X direction a 48.5% of attaining DL4 and 39% for DL5 are 




expected; in the Y direction, 49% and 40% for the two DLs are forecasted, respectively. Observing 
the model with the increasing of the double standard deviations, the values are more positive. For 
a 50 yrs return period there is the 56 and the 72% of probability of not having damage (DL0) 
along the X and Y directions, respectively. Moreover, for a 475 yrs return period, in the X direction 
48% of probability of having DL4, 18% for DL5 and 21% for DL1 is obtained. As described in 
the analytical part, this behavior is ascribable to the brittle behavior of those kind of structures, 
who do not exhibit a particular plasticity and they quickly decrease to the highest DLs. In the Y 
direction, a 51% for DL4 is expected, with a 23% of probability for collapse. Furthermore, as 
visible in the Figure, the results for the mean models less the double of the standard deviations 
tend to the highest DLs.  
X direction Y direction 
Figure 6.13. DS for the mean curve and the mean curve accounting for the double of the standard 
deviation. 





In conclusion, in this chapter the DVM method was applied to the simple-block building 
class. The methodology was firstly calibrated setting the different parameters on the 
analytical results coming from the benchmark studied in Chapter 5. This phase was targeted 
to the definition of insights concerning the analytical results and simplified geometrical 
parameters. Specific relationship between the structural elements, the corrector coefficients 
and the spandrels contributions were found. Hence, the methodology has been applied to the 
different buildings of the same class; several characteristics collected in GIS and coming from 
the archive research have been used. A sample of bilinear capacity curves was obtained. The 
plots show the different structural responses, based on the specific distributions inside the 
buildings. Finally, the results have been expressed in terms of fragility curves and DSs, 
highlighting the variability of the response and quantifying the vulnerability of these 


























7. CONCLUSIVE REMARKS AND FURTHER FUTURE 
DEVELOPMENTS 
7.1 FINAL REMARKS  
In this thesis, the seismic vulnerability assessment of the residential URM buildings built 
during the XX century in Florence has been discussed. The research follows former studies 
conducted over the city of Florence for the seismic risk assessment and it deals with a hybrid 
approach aimed to an urban scale assessment. The residential URM structures of the XX 
century represent a relevant percentage of the Florentine stock. They have been realized 
through standardized design and urban planning, following architectonical concepts similar 
in all the Italian peninsula. Within this context, the public housing interventions, because of 
their amount in the city, have been targeted for this research and assumed as representative 
of the entire stock. The first part concerned a cognitive approach which obtained through an 
empirical methodology. This phase of the work dealt with the definition of the building 
classes. To this aim, an archive research was conducted, and a lot of information were 
collected into a GIS framework. Hence, the buildings have been divided considering 
typological and structural features, in order to determine the seismic behavior of the 
structures. A GIS environment was used, and the different collected buildings were geo-
spatial referred. The buildings were divided into typological classes, based on their 
architectonical and structural forms. Hence, fast empirical methodologies were adopted, 
providing the first results in terms of vulnerability and damage scenarios. The GNDT second 
level approach was widely applied to the different buildings composing the database, pointing 
out a moderate vulnerability of the structure and a quite homogeneity of the investigated 
cases. This phase presents interesting outcomes concerning the homogeneity of the 
investigated constructions; furthermore, it pointed out a moderate vulnerability leading to 
non-severe damage scenarios. In order to in-depth investigate the risk of those buildings, an 
analytical procedure based on nonlinear static analysis was defined and applied to a selected 
case study. The simple-block buildings, accounted as the most numerous and the simplest 
ones in terms of morphology, were chosen as referred class for further investigations. Within 
the latter, a realized project was selected as benchmark for the analytical phase. This stage, 
which represents the core of the thesis, followed a probabilistic framework based on nonlinear 
static analysis. Theoretical assumptions presented in literature were assumed both for the 
modeling approaches, as for the uncertainty quantifications. The uncertainties were divided 
between epistemic and aleatory ones and treated separately. The epistemic uncertainties were 
modelled through a logic three approach, while the aleatory ones were computed through the 
central star approach. In the nonlinear static analysis, two different load patterns were considered 
towards the two different directions. The LSs were defined on the pushover curve adopting a 





multi-scale approach involving three different levels of interest of the building. Hence, the 
capacity spectrum method was considered to define the PGA values for the attainment of the 
different DLs. The seismic demand was found through the definition of a sample of 30 
accelerograms spectrum-compatible with the area of Florence, conditioned for the fundamental 
period of the structures. Finally, both dispersions, for capacity and demand were obtained. The 
first was defined through the use of the response surface method, while the second considered the 
percentiles of 16 and 84%. The derived analytical fragility curves pointed out aspects related to 
the structural configurations of the buildings and assimilable for the entire simple-block class.  
 
The sensitivity analysis conducted over the building model pointed out relevant outcomes. 
Concerning the uncertainties, the epistemic modeling demonstrated a low sensitivity of the 
seismic response to the different logic tree branches. The latter points put how, in terms of 
vulnerability, despite the different behaviors expressed by the PO curves, the presence or not 
of the RC lintels over the openings does not significantly alter (or improve) the seismic 
vulnerability of those buildings. Namely, the lintels affect the seismic response and the 
damage evolution, but the PGA values for the attainment of the different LSs remain similar. 
Furthermore, the masonry disposition along the height of the models does not affect 
significantly the vulnerability of the case-study. This is related to the collapse modes of the 
building, which involve the lower levels of the structure. So, if the epistemic uncertainties 
proved how easier assumptions can be accepted in the engineer practice, limiting the number 
of epistemic models and reducing the time consuming of the procedure, the aleatory ones 
indicate in the mechanical properties of the materials the main issues that need to be 
investigated. The probabilistic Bayesian framework developed for the definition of the 
mechanical properties is coherent with the urban scale vocation of the project. Nonetheless, 
a series of mechanical investigation over several buildings belonging to the urban database is 
expected. The sensitivity model is targeted to the definition of the more relevant parameters 
that need to be in-depth studied, and the results of this research clearly indicate the objective 
to pursue. Concerning the mechanical properties adopted in this thesis, the prior values 
coming from MIT2019 were upgraded on the basis of experimental tests executed in Tuscany 
on buildings of the XX century. The exclusive upgrade of the materials through selected and 
geo-localized tests denounces the efforts made for a site-specific implementation of the 
material’s properties. This has been possible thanks to the open source Tuscany Masonry 
Database, which led the obtainment of several destructive tests. Further studies could consider 
new updates of the initial mechanical values based on the acquisition of new experimental 
results, as well as the implementation of new tests coming from different Italian areas.  
 




The results of the analytical procedure exhibited a relevant vulnerability of the buildings 
denouncing a brittle behavior in the nonlinear phase that, for the assumed hypothesis of 
homogeneity of the database, are expected for the other different structures. The analytical phase 
was at the basis of the final implementation procedure, aimed to: 1) describe the expressed 
structural behavior by means of simplified procedures; 2) extend the results to the other buildings 
of the same class. The results obtained for the benchmark model were assumed in order to 
extend the forecasts to a wider series of buildings. They were first converted in bilinear 
curves, then their reliability was discussed. The DVM was adopted in order to obtain the same 
curves through the definition of calibrated parameters valid for these structures. Specifically, 
the correlation between the different parameters of the DVM and the seismic performances 
of the building lead to assume specific relationships between those factors and the different 
parts of the structures. The three bearing wall typologies, i.e. façades, side walls and 
masonries with an intermediate behavior were listed, defining proper corrector coefficients 
based on the behavior of the different elements. The methodology was finally applied to the 
simple-block class. 112 different buildings realized following 45 architectonical and structural 
designs were studied. The results express the variability of the seismic response of the 
different buildings. In the Y direction, a higher dispersion is obtained, due to the possible 
major architectonical differences than the side walls may present. On the bilinear curves, the 
LSs and the ultimate displacement of the models were defined assuming the outcomes of the 
nonlinear static analysis of the benchmark model. Fragility curves were obtained assuming 
directly from the analytical phase the equivalent damping and the dispersions values. The 
results show the variability of the response, denouncing a medium/high vulnerability of the 
building class. For a seismic action with a return period of 475 years, the DS rounds around 
a 50% of probability receiving DL4 and the 40% for the collapse of the structures. Coherently 
with the outcomes of the empirical methodology, the results are homogeneous in their extension, 
nonetheless, the final forecasts exhibit relevant damage scenarios. Despite the GNDT 
vulnerability indexes pointed out a low/moderate vulnerability for the benchmark building, 
the analytical results showed a high potential damage for the structure, given by a significant 
brittle behavior concerning the plastic phase. This first result demonstrates the inadequacy of 
the empirical methodology adopted for the vulnerability assessment of the XX century URM 
buildings. In fact, assuming the empirical rules of regularity, structural coherency and the 
presence of aseismic devices, these buildings perfectly respond to what is considered a non-
vulnerable building and a box-behavior structure. Nonetheless, the presence of ring beam 
leads to WPSS models where the shear capacity of lowest storeys is demanded to the seismic 
resistance of structure.   
 





The conclusions of this research show an important vulnerability for the investigated buildings 
that need to be considered. Further studies are expected, aiming to define additional case 
studies for analytical assessment in order to assess the reliability of the previous assumptions; 
the assessment of building with different height is still beneficial, both with considerations 
about the role of irregularity. These further analyses would also regard the extension of the 
procedure to different classes of buildings, excluded by the final simplified implementation 
because of the architectonical and intrinsic differences in their structural configurations. Last 
but not least, the research needs to continue in the evaluation of strengthening solutions for 
the improvements of safety of these structures and of the people who live in.  
7.2 FURTHER DEVELOPMENTS OF THE RESEARCH  
Further studies are certainly recommended and encouraged. They can be related both to the 
vulnerability/risk implementation, both to the computation of economic and human losses, as to 
the definition and cost/benefit analysis of strengthening solutions. Specifically: 
- Starting from the mechanical properties of the materials adopted in this work, a specific 
campaign of experimental tests is recommended, in order to improve and better 
characterize the material properties adopted in the analysis.  
- Performance of nonlinear dynamic analysis to check the reliability of the adopted 
nonlinear static procedure and the choice of considered load patterns are demanded. 
- Analytical assessment of new case studies, coherently with the modeling assumptions 
made in this work, are expected. They can still deal with the simple-block model, in order 
to check the reliability of the DVM method or/and to implement it, or with different 
building typologies, in order to extend the applications to different classes. 
- Extension of the results at the district scales, promoting geo-spatial damage scenarios able 
to rule the post-earthquake emergency planning can still be continuations of the work. To 
this aim, computation of the damages in terms of economic and human losses are natural 
extension of the research. 
- Implementation at the urban scale of the ongoing micro-zonation studies concerning the 
city of Florence can be done. The latter would improve the seismic demand for the 
analysis, accounting for potential site-specific singularities not considered in this phase 
of the work.  
- Definition of strengthening strategies able to reduce the seismic vulnerability of those 
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In this section additional material obtained during the research is presented. The presented outcomes 
have been necessary to achieve the final outcomes of the thesis and, even though their presentation is 
not essential for the fulfillment of the work, they still can provide useful information.  
In Appendix 1 the building plans of the other defined building classes are presented. The drawings 
show the variability of shapes and architectures found by the archive research. It is worth noting as the 
pigeonhole of several structures is not easy, especially for the more irregular configurations. Also for 
this reason, the simple-block class has been selected for the in-depth studies.  
Appendix 2 shows the Bayesian update of the material’s properties of the different masonry typologies 
adopted in this research are presented.  
In Appendix 3 the different branches of the logic tree approaches are presented and discussed in terms 
of pushover comparison. The latter has been done considering the maximum base shear and the 
ultimate displacement values of the different models.  
Appendix 4 presents the cyclic pushover analysis for all the four epistemic models. The plots are done 
for the different DLs and the two senses of the analyses. In the analyses converge problems happened 
sometimes, especially during the opposite sense of load, in the negative loading phase. This is mostly 
remarkable in the Y direction with the mass proportional pattern.  























































Building plans of the studied buildings divided according to the classification presented in Section 
4.1  












IVBT plans  
 

























































Bayesian update of the material properties. 




cov E  
(MPa) 











prior MIT2019 3.45 0.25 0.09 0.44 1500 0.2 500 0.2 
DJF MP059     3521    
MP060     3093    
MP054     2601    
MP055     4372    
MP056     2868    
MP057     2687    
MP088     1832    
MP089     2778    
MP105 1.098    1562    
CD CD032   0.091  322  1124  
CD040   0.065  456  1853  
mean  1.098   0.078   2812.67   1488.5  
updated  2.666 0.260 0.082 0.398 2625.14 0.130 1064.86 0.087 
  2.666 0.260 0.082 0.398 2625.14 0.130 875.048 0.130 
 




cov E  
(MPa) 











prior MIT2019 6.5 0.23 0.125 0.36 4550 0.23 1137.5 0.23 
DJF MP093 2.621    2500    
MP094 3.326        
 CD035   0.224    2676  
CD036   0.2    2783  
CD CD045   0.32      
CD046   0.181      
mean  2.9735   0.23125   2500   2729.5   
updated  4.73675 0.317 0.21 0.192 3730 0.218 2047.21 0.119 
  4.73675 0.317 0.21 0.192 3730 0.218 1243.33 0.218 
 




cov E  
(MPa) 







prior MIT2019 3.7 0.189 0.21 0.143 2825 0.150 740 0.189 
CD CD012   0.205    1298  
CD027   0.275    1897  
mean      0.24       1597.5   
updated  3.7 0.189 0.23 0.106 2825 0.150 1230 0.105 
  3.7 0.18919 0.23 0.1065 3690 0.10538 1230 0.10538 
 









































Pushover comparison between the different models of the logic tree 
In the Figure below, the initial logic tree branches studied in the work are presented. The results 
are then discussed in terms of ultimate displacement and maximum base shear values. The 
comparisons are proposed distinguishing between the models without or with RC lintels over the 
openings. Hence, the disposition of the masonry types at the different levels has been considered 
accounting the specificity of the first floor. The models are compared three by three, in terms of 
mean values and relative c.o.v.; the low differences between the triplets of RS/CB/--/-- and 
RS/RS/--/-- models show the reliability of the assumptions made in thesis. The bigger c.ov values 
between the comparison within the six models prove the reason that led to the final logic tree 
adopted in the thesis and explained in Section 5.2. 
 
NO-LINTELS MODELS 


















RS / CB / CB / CB 2.14 2672.76 4.56 1962.82 1.46 2701.68 2.32 2285.84 
RS / CB / CB / HB 2.01 2659.00 4.46 1961.42 1.46 2661.54 2.37 2231.49 
RS / CB / HB / HB 2.05 2632.10 4.32 1945.51 1.52 2620.74 2.46 2187.00 
Mean 
C.o.v. 
2.07 2654.62 4.45 1956.58 1.48 2661.32 2.38 2234.77 
0.031 0.008 0.028 0.005 0.024 0.015 0.029 0.022 
RS / RS / CB / CB 2.96 2610.64 4.16 1875.79 1.60 2711.64 2.74 2211.47 
RS / RS / CB / HB 2.71 2619.41 4.12 1865.68 1.59 2671.42 2.75 2179.75 
RS / RS / HB / HB 2.87 2590.23 4.09 1836.68 1.65 2630.50 2.93 2129.46 
Mean 
C.o.v. 
2.85 2606.76 4.12 1859.38 1.61 2671.19 2.81 2173.56 
0.045 0.006 0.009 0.011 0.019 0.015 0.036 0.019 
Mean of the six 2.46 2630.69 4.28 1907.98 1.55 2666.25 2.59 2204.17 
C.o.v. of the six 0.411 0.378 0.380 0.379 0.381 0.378 0.388 0.379 
 
 





BUILDINGS WITH RC LINTELS 


















RS / CB / CB / CB 1.48 2757.89 2.13 2239.83 1.33 2713.06 2.20 2306.25 
RS / CB / CB / HB 1.43 2732.21 2.05 2200.33 1.29 2674.46 2.23 2266.80 
RS / CB / HB / HB 1.49 2706.18 2.01 2172.89 1.35 2633.40 2.38 2226.60 
Mean 
C.o.v. 
1.47 2732.09 2.06 2204.35 1.33 2673.64 2.27 2266.55 
0.021 0.009 0.029 0.015 0.021 0.015 0.043 0.018 
RS / RS / CB / CB 1.66 2770.18 1.76 2074.65 1.41 2721.92 2.39 2210.40 
RS / RS / CB / HB 1.61 2744.05 1.74 2046.34 1.36 2682.02 2.51 2187.36 
RS / RS / HB / HB 1.70 2713.26 1.84 2012.18 1.41 2640.60 2.90 2152.14 
Mean 
C.o.v. 
1.66 2742.49 1.78 2044.39 1.39 2681.51 2.60 2183.30 
0.027 0.010 0.029 0.015 0.021 0.015 0.102 0.013 
Mean of the six 1.56 2737.29 1.92 2124.37 1.36 2677.58 2.43 2224.92 























APPENDIX 4  
Cyclic pushover curves for the different models, according the two directions and the two load 
patterns. 
MODEL N/RS/CB/CB/HB 
































































































































































































































































































The sensitivity classes (SCs) for all the models for the different LSs. The orange represents the 
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